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Intercropping with Wheat (Triticum aestivum) or Wheat Undersown with White 





The study reported in this thesis was carried out during 2018/2019 at Lincoln University, New Zealand, to 
investigate olive growth and development and wheat yield profomence in an olive wheat intercropping 
system. 
This experiment was laid out in a split design with three replicates. The main treatments were olive (Olea 
europaea) intercropped with wheat (Triticum aestivum), olive intercropped with wheat undersown with 
white clover (Trifolium repens) and fallow used as a control. Sub plots were three olive cultivars Frantoio, 
Leccino and Barnea.  
The main intercropping treatments had no significant effect on olive shoot elongation, leaf apperance, 
fresh and dry leaf weights and leaf nutrient contents. However, there were significant differences in leaf 
weight and nutrient content among cultivars. Leccino had the highest fresh and dry leaf weights. 
In terms of nutrient content, Barnea leaves contained the lowest nitrogen, phosphorus, potassium. 
Frantoio had the higest content of potassium and Leccino had the highest phosophorus content. It 
suggests that olive leaf could be used as animal fodder due to their high mineral content. 
This research suggests that undersown clover had no effect on wheat final yield and grain quality. When 
wheat is intercropped with olive, the wheat yield is likely to reduce by 25% because the tree canopy 
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reduced the available radiation to wheat. However, it is likely that wheat grain quality will be improved 
by tree shading. 
Wheat canopy and phenology modelling suggests that in the Canterbury regeion at least, in an olive – 
wheat intercropping system, earllier wheat sowing is likely to result in a higher wheat yield. Late sowing 
is likely to increase the grain quality but also increase the nutrient competition between the wheat and 
olive trees. 
 
Keywords: agroforestry, intercropping, growth and development, shoot elongation, leaf appearance, 
leaf nutrient content, olive tree, Frantoio, Leccino, Barnea, wheat, clover, canopy ground cover, tree 
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Chapter 1. Introduction 
 
Global population rise has contributed to a number of land use pressures. Meanwhile, the 
increasing demand for food, accompanied by climate uncertainties, continues to threaten food 
security around the world (USDA National Agroforestry Center, 2012). Agroforestry systems have 
been identified as an effective way to mitigate land pressure and climate change issues for food 
production. 
Nowadays, agroforestry has been widely adopted in several countries. In Greece, farmers 
have an historical practice of combining olive trees with cultivated land (AGFORWARD, 2014). 
More recently, there has been an increasing interest in intercropping annual crops with olive 
trees in several parts of Greece (AGFORWARD, 2014). 
Olives (Olea europaea L.) are one of the most extensively cultivated fruit crops in the world 
(Aguilera & Ruiz Valenzuela, 2013). In 2011, the area planted with olive trees was about 9.6 
million hectares globally. This is more than twice the land dedicated to apples, bananas or 
mangoes (Food and Agriculture Organization, 2012). This species was brought to New Zealand by 
early European settlers in the 1830s and there are currently around 400,000 olive trees in this 
country (Olive New Zealand, 2019). 
When commercially grown as a monoculture, growers in New Zealand often face the 
economic risks brought about by the “off” year, when the fruit production is low or even nil. 
Nevertheless, to this day, olive intercropping systems have not yet been explored as a viable 
option in this country. Considering this, the intercropping of annuals using agroforestry principles 
and designs could represent an opportunity for improving land productivity in New Zealand olive 
groves. 
One way to increase land agronomic productivity is to use the available biotic (e.g. nitrogen 
fixing bacteria in symbiosis with the roots of legume plant species) and abiotic (e.g. incident 
radiation, air and soil temperature, water) resources to its potential (Mao & Zeng, 2019). For that 
purpose, legume species are commonly used for its ability to fix nitrogen from the atmosphere 
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(Ito et al., 1997). Moreover, the available light to each individual species, for instance, is a key 
abiotic resource for production when water and nutrients are non-limiting factors in these 
systems (Mao & Zeng, 2019). It follows that the quantification of this yield parameter is crucial 
for planning, establishing and managing of agroforestry systems (Mao & Zeng, 2019). However, 
this is only possible by understanding the phenology, or ontogeny, of the different species used 
in the system. This allows to determine the different species demand for crucial abiotic resources 
in time and space. Moreover, soil and air temperature can be used to quantify critical 
phenological stages for the crops and the trees. From this, opportunities and constraints can arise 
for the production of each species in consortiated stands. 
Therefore, three hypotheses are presented here: (i) if intercropping influences olive yield 
production, then it must impact its vegetative growth and/or development; (ii) if the key 
parameters required for spring wheat growth, development and yield are available in the rows 
between the olive trees, then it is possible to assume that there is an opportunity to be gained 
from intercropping wheat in the olive grove; (iii) if legume species are able to improve soil 
nitrogen, then the olive and wheat yields might benefit from legume intercropping. 
The aim of this research was to determinate the olive (Olea europaea) tree growth and 
development and the effect of Intercropping with wheat (Triticum aestivum) or wheat 
undersown with white clover (Trifolium repens). 
The objectives were: 
One: To investigate how different intercropping systems influence the olive vegetative growth 
and development and to quantify some key olive phenological stages throughout the spring - 
summer growth season (Section 3.7). Different olive cultivars were used to increase the range of 
treatments applied and to further determine their potential use as animal fodder. This section 
details measurements of olive shoot elongation, rate of leaf appearance, leaf chlorophyll 
concentration, leaf stomatal conductance, leaf dry matter and leaf nutrient content for the 
different treatments. 
Two: To quantify the main phenological stages of milling wheat growth and development and 
subsequent yield, when intercropped with olive trees and undersown with white clover (Trifolium 
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repens) (Section 3.6). This section details measurements of wheat emergence, canopy ground 
cover for light interceptance, flag leaf and flower initiation and final grain yield and quality. 
Three: To quantify the influence of different milling wheat sowing dates on crop performance 
when intercropped with olive trees (Section 3.8). In this section, a sensitivity analysis was carried 


























1.1 Thesis Structure 
 
 










Chapter 2. Literature Review 
2.1 Agroforestry Background 
 
Agroforestry has been described as a production system in which trees, shrubs and crops 
are intercropped to provide environmental, economic and social benefits. Agroforestry is often 
referred as a new name for a set of old practices. Until the 1960s, the word agroforestry had not 
yet been documented in scientific writings (USDA National Agroforestry Center, 2012). In 1977, 
a report entitled “Trees, Food and Humans” (part of the Tropical Forestry Research Priorities 
Project) was published by the Canadian International Development Research Center, which 
described the key role of trees in sustaining agricultural production in the tropics. This led to the 
establishment of the International Centre for Research in Agroforestry (ICRAF). In 1982, in order 
to provide global research opportunities in emerging fields, ICRAF launched the Journal of 
Agroforestry Research. In 2002, ICRAF changed its name to the World Agroforestry Center to 
reflect its global mission (Gold, 2017). 
There have been many attempts to define agroforestry and these definitions have been 
constantly revised and improved (Leakey, 1996; Somarriba, 1992). According to ICRAF, 
agroforestry is defined as “a land-use management system in which woody perennials are 
deliberately integrated with crops and/or animals on the same land-management unit (Leakey, 
1996). In agroforestry, woody and non-woody components always have ecological and economic 
interactions (Sanchez, 1995). Agroforestry is a unique approach to land management that 
provides opportunities for landowners to achieve productivity and profitability goals through 
environmental management, thereby creating a healthy, sustainable agricultural system that can 
be passed on to future generations (USDA National Agroforestry Center, 2012). 
2.1.1 Agroforestry Systems and Plant Phenology 
In agroforestry systems, trees and crops can have overlaps in resources demand, resulting 
in strong competition and reduction in production (Mao & Zeng, 2009). Successful agroforestry 
systems must consider the differences in species' phenological characteristics, including different 
physiological needs is complementary to the resource used (Ong et al., 1996). Competition 
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between species is divided into above-ground and underground competition. Above-ground 
competition is light competition between trees and crops. Underground competition is the 
competition for water and nutrients in the soil. Therefore, the competition between light, water 
or nutrients between components of agroforestry systems is the main determinant of system 
success (Sanchez, 1995). 
Light competition occurs mainly through the process of shading produced by the canopy of 
the tree. This leads to changes in the quantity and quality of the transmitted light with a reduction 
of the photosynthetically active radiation (PAR) that limits the crop’s ability to yield (Sudmeyer 
& Speijers, 2007). In agroforestry systems, it is possible to reduce the competition of light by 
pruning, increasing the spacing of trees, changing the direction of tree planting, and selecting 
species with strong shade tolerance to improve crop yield (Mao & Zeng, 2009). The wheat C3 
photosynthetic pathway is better adapted to cool and humid environments that tolerate the 
agroforestry system’s  shaded conditions  better compared with C4 species (Zamora et al., 2008). 
Water or nutrient competition can be reduced by irrigation and fertilization (Lehmann et al., 
1998). Also, a reasonable species match by avoiding overlapping in nutrient demand phases can 
reduce nutrients competition (Mao & Zeng, 2009). 
2.1.2 Agroforestry Practices 
Shifting cultivation refers to the natural regeneration of land following a phase of vegetation 
clearing and crop cultivation (Nair et al., 1979). The lengths of regeneration phase (also called 
the fallow or bush fallow phase) vary widely. The regeneration phase (10-20 years) is several 
times longer than the planting stage (2-3 years) and the length of the fallow is the key to practical 
success and sustainability (Nair et al., 1979). 
The term taungya was originally used to describe transfer farming in Myanmar, but due to 
its widespread use in the tropics, it has developed into a description of planting trees (Blanford, 
1958; Nair et al., 1979). The taungya system is often referred as a stepping-stone in the transition 
from shifting cultivation to agroforestry. While shifting cultivation is a continuous system for 
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growing woody species and crops, taungya involved combining the two components 
simultaneously in the early stages of forest plantation establishment (Nair et al., 1979). 
2.1.2.1 Alley Cropping 
During the period 1980-1990  alley cropping systems emerged for the development of 
agriculture in humid and sub-humid tropics (Nair et al., 1987). Alley cropping consists of growing 
food crops between shrubs and trees (hedgerows), especially with leguminous species (Nair et 
al., 1979). Therefore, it is a form of hedge intercropping that combines the regenerative 
properties of bush fallow systems (see section 2.1.2, first paragraph) with the production of food 
crops. 
Alley cropping was first developed by Kang and Wilson (1987) at the International Institute 
of Tropical Agriculture in Nigeria. Its core idea was to create soil conditions similar to the stage 
in the fallow phase of shifting cultivation. This was achieved by using fast-growing, nitrogen-fixing, 
trees and shrubs with cropping, to improve soil physical and chemical attributes while 
suppressing weeds and controlling soil erosion (Nair et al., 1979). In the 1990s, alley cropping 
was common in areas of the tropics and temperate zones as described in the review of Lawson 
and Kang (1990). 
As mentioned earlier, different types of agroforestry systems have been used in various parts 
of the world. In order to adapt to different natural ecological, economic and social environments 
(Nair et al., 1979), the design of the system has ranged widely in their levels of complexly and 
adaptability, as described below. 
2.1.3 Current Agroforestry Systems 
2.1.3.1 Paulownia elongata Based Agroforestry Systems 
A very successful tree-based intercropping system in China, the wheat - Paulownia elongate 
System (WPS) was reported by Wang and Shogren (1992). This system first appeared in the 
western part of Henan province in the late 1970s and then spread rapidly across the country. It 
is mainly used by the farmers or landowners in the middle and lower reaches of the Yellow River, 
where soil is of low fertility and prone to erosion. WPS has been claimed to increase farmers' 
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incomes by increasing crop production, improving crop quality and producing more saleable 
products. According to Wang and Shogren (1992) WPS is also a strategic alternative in areas with 
limited arable land where there is large demand for food and timber. Newman et al. (1997) 
carried out an experiment intercropping corn and ginger with Paulownia elongata. Compared 
with the corn grown as monoculture, the intercropping system resulted in 32% reduction in corn, 
but the yield of ginger increased by 34%. 
2.1.3.2 Coffee – Banana Agroforestry Systems 
According to Van Asten et al. (2011), coffee - banana systems (CBS) can provide better 
economic benefits to farmers than coffee monoculture and the productivity and returns of these 
agricultural systems are higher. In the Arabica coffee growing areas, the average annual return 
(on a hectare basis) for different planting methods is: intercropping 3,421 USD, banana 
monoculture 2,092 USD and coffee monoculture 1,552 USD (Van Asten et al., 2011). In the 
Robusta coffee growing areas, the annual return is: intercropping 1,576 USD, banana 
monoculture 915 USD and coffee monoculture system 1,293 USD (Van Asten et al., 2011). Zake 
et al. (2015) found that CBS has the ability to improve soil fertility and carbon sequestration. In 
their study, the total organic carbon content of the top and subsoil layers of the CBS was higher 
than that of bananas monoculture (36% and 33%, respectively). The total N of both soil layers 
was also higher in CBS compared with monoculture (50% and 33%, respectively) (Zake et al., 
2015). 
2.1.3.3 Cacao (Theobroma cacao) Based Agroforestry Systems 
Agroforestry systems are also often used in cacao production. Somarriba and Beer (2011) 
tested two systems: timber or legume intercropping with cacao as shade tree. The results of their 
experiments showed that the yield of this system was higher compared with the monocroping 
(Somarriba & Beer, 2011). Koko et al. (2013) reported that cacao - fruit tree intercropping can 
increase the production of cacao. In their study, the regional average dry cacao yield was 650 kg 
ha-1 year-1, while the average dry cocoa yield of cacao-orange intercropping and cacao-avocado 
intercropping were 1,340 kg ha-1 and 1,250 kg ha-1, respectively. 
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2.1.3.4 Olive (Olea europaea) Based Agroforestry Systems 
Olea europaea are widespread in southern Europe and they form a continuous landscape 
element. Agroforestry systems using annual crops and olive trees has been reported for centuries 
in that part of the world. In Roman times wheat was grown between the olive rows on alternate 
years. It was believed that this would increase the yield of olives in the following year (Eichhorn 
et al., 2006). In order to improve overall productivity, the olive grove was divided into two parts 
during the rotation (Lelle & Gold, 1994). In Greece, at present, where the total area of olives is 
650,000 hectares, cereals, vegetables, and fodder crops are commonly intercropped with olive 
(Schroth & Sinclair, 2002). Similar intercropping systems are found in the central Italian regions 
of Umbria and Lazio, where olives are commonly intercropped with cereals or fodder legumes  
these agroforestry systems cover an area of about 20,000 hectares (Eichhorn et al., 2006). Daoui 
and Fatemi (2014) surveyed farmers in Morocco and described that legume crops do not affect 
the yield of olive trees, but cereals often reduce it. 
2.1.3 Benefits of Agroforestry 
It is frequently mentioned in the literature that agroforestry benefits crop yield, soil and 
water. Moreover, recently, it has attracted the attention of farmers, researchers and policy 
makers (Fanish & Priya, 2013). The following sections focus on four major beneficial aspects of 
agroforestry: carbon sequestration, biodiversity conservation, soil enrichment and effective use 
of nutrients. 
2.1.3.1 Carbon Sequestration 
Carbon sequestration refers to the removal and storage of carbon from the atmosphere in 
carbon sinks such as oceans, vegetation or soil, by physical or biological processes (Kirby & Potvin, 
2007). In 2018, the New Zealand government proposed a project called ‘The One Billion Trees 
Programme’. The goal of this project is to increase the current rate of tree planting over in the 
next decade (Forest New Zealand, 2018).Compared to mono-cropping or pastures, introducing 
trees or shrubs into the system can increase carbon sequestration (Sharrow & Ismail, 2004). In 
addition to the carbon stored in above-ground biomass, agroforestry systems also have the 
ability to store carbon underground. In recent years, Takimoto et al. (2008) and Murthy et al. 
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(2013) have reported the potential for carbon sequestration from agroforestry Systems. 
According to Dixon (1995), there is the potential to establish agroforestry systems on 
approximately 585 - 1,215 million hectares of land in Africa, Asia and the Americas, from which 
1.1 - 2.2 peta-grams (Pg) of carbon (vegetation and soil) could be sequeste within 50 years. 
2.1.3.2 Biodiversity Conservation 
Agroforestry system provides life support through their components such as trees, crops, 
grass, and livestock. In New Zealand the one ‘The One Billion Trees Programme’ also aims to 
provide habitat for native species with the introduction of trees that can benefit biodiversity 
conservation (Forest New Zealand, 2018). McNeely and Schroth (2006) reported that the level of 
biodiversity of agroforestry systems is lower than that of original forests, but higher than 
monoculture. 
2.1.3.3 Soil Enrichment 
Agroforestry has the potential to enhance and sustain long-term soil productivity and 
sustainability. The incorporation of trees and crops capable of nitrogen fixation has been widely 
used in tropical agroforestry systems (Jose, 2009). Sharrow (1999) has reported that the annual 
nitrogen fixation rate of temperate pastures exceeds 350 kg N/ha. The physical, chemical and 
biological properties of the soil can be enhanced by adding above ground and underground 
organic matter and releasing and recycling nutrients in the agroforestry systems. The impact of 
agroforestry on tropical soil has been well documented (Buck et al., 1998; Schroth & Sinclair, 
2002). According to Udawatta et al. (2008), compared with row crops, agroforestry systems have 
been shown to improve soil aggregate stability, soil carbon, soil nitrogen, and soil enzyme activity. 
2.1.3.4 Efficient Use of Nutrients 
In agroforestry systems, trees can uptake mineral nutrients that penetrate below the 
rooting area of the crop and this process, called deep nutrient capture, can reduce losses from 
drainage (Livesley et al., 2004). Black walnut trees, for example, can capture nitrogen in deep soil 
leachates (Von Kiparski et al., 2007). Some nitrogen-fixing trees capture nitrogen from the 
atmosphere and convert it into organic compounds. Tropical plantations capture between 43 to 
581 kg of nitrogen/ha annually (Danso et al., 1992). Moreover, reportedly Acacia mangium in 
Brazil can fix 66 kg of nitrogen/ha annually (Bouillet et al., 2008) and 121 kg in Indonesia 
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(Wibisono et al., 2015). Specific trees also enable crops to absorb phosphorus from the soil. The 
Lupinus albus L., for example, can mobilize phosphorus from deep soil by exuding organic acids 
in the roots or by mycorrhizal hyphae, increasing phosphorus availability to crops (Watt & Evans, 
1999). The nutrients remobilized within those plants are later returned to the soil through above 
and below-ground tree litter. This is evidenced by the study of Murthy et al. (2013). In their 
experiment, after applying 10 tones of fresh leaves of nitrogen-fixing trees per hectare annually 
to a lowland rice system, soil fertility and crop yield increased after three years. This result 
equaled or surpassed the outcomes of applying a conventional nitrogen-phosphorus-potassium 
fertilizer. 
2.2 Tree Fodder 
Trees, typically leaves, have been used as livestock feed for many years (Charlton et al., 
2003). Examples can be found, in Africa (Le Houérou, 1980), Australia (Turnbull, 1986), India 
(Tejwani, 1988), Indonesia (Ivory & Siregar, 1984), Nepal (Ng, 1989), and Thailand (Topark-Ngarm 
& Gutteridge, 1986). In Australia, farmers experienced droughts that have lasted for several years. 
In such areas the animals have benefited from drought-tolerant trees as a food source (Charlton 
et al., 2003). During a drought, the leaves of trees usually suffer from premature abscission. Trees 
shed leaves to reduce transpiration. Compared with other pastures during this period, the fallen 
leaves are fresh and palatable Kemp et al. (2003) reported that in New Zealand veronese poplar 
(Populus deltoides x nigra) and Tangoio willow (Salix matsudana x alba) provided feed for the 
sheep and their nutrition of value is similar or higher to pastures. 
2.2.1 Leaf Nutrients 
Tree fodder contains dietary nitrogen, minerals, energy and vitamins (Devendra, 1992). 
Cheema et al. (2011) analyzed the nutrient content of fodder tree leaves including Morus alba, 
Acacia nilotica, Syzygium cumuni and Ziziphus jujuba. The Chemical composition of these species 
included organic matter, crude protein, fibers, hemicellulose and metal elements indicating that 
they could offer additional advantages as an animal fodders for animals (Cheema et al., 2011). 
During a drought (summer/ autumn), the nutrient contents of intact leaves fodder of poplars and 
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willows is usually similar to or higher than the quality of pasture during the same period (Kemp 
et al., 2003). 
2.2.2 Olive Leaves 
Olive leaves are a by-product of the trees (Talhaoui et al., 2015). However, there are 
currently no practical applications for a large number of by-products and residues in the olive 
tree cultivation and processing industry. In addition, about 25 kilograms of twigs and leaves are 
produced during pruning. In a typical olive tree pruning process, leaves account for 25% of the 
total by-product (Govaris et al., 2010). However, these are usually burned or, disposed (Garcıá et 
al., 2003). This common commercial practice is both a waste of valuable resource and a hazard 
to the environment (Xie et al., 2013). 
Xie et al. (2013) determined that the nutrient content of olive leaves (cv. Frantoio) and 
reported as follows:  
Table 2.1 Nutrient content of olive leaf (Xie et al., 2013) 




Carbohydrates Polyphenol Flavonoids 
Content (%) 6.59 4.9 11.5 3 15.8 52.2 1.05 1.64 
Analysis of the metal elements in the olive leaves ash found that it mainly contains calcium 
(Ca), potassium (K), magnesium (Mg) and phosphorus (P). Among these, the highest content is 
(Ca) (about 30.5% of ash). Trace amounts of copper (Cu) and iron (Fe) were also found. 
Furthermore, studies have shown that olive leaves do not contain arsenic (As), mercury (Hg) and 
lead (Pb) (Xie et al., 2013). In addition, olive leaves also contain special antioxidants (phenolic 
compounds) such as oleuropein, and flavonoid compounds such as luteolin (Govaris et al., 2010). 
The concentration of oleuropein, the most inimitable compound in olive leaves, reached 60 - 90 
mg/g (Ryan et al., 2002). Markin et al. (2003) demonstrated that these phenolic compounds have 
significant antimicrobial and antioxidant properties. 
Moreover, Xie et al. (2013) concluded that olive leaves can add quality to animal feed. Olive 
leaves used as animal fodder or nutritional supplements are widely documented. Garcıá et al. 
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(2003) carried out an experiment using olive leaves as fodder for goats and sheep and conducted 
they are important in the semi-arid regions where pastures are scarce. Morales and Ungerfeld 
(2015) reported that compounds, especially tannins, in olive leaves can improve meat and milk 
quality in animals. Abbeddou et al. (2011) and Zilio et al. (2015) showed that milk quality of 
ruminants such as cow, sheep was improved by adding olive leaf to their diet. Govaris et al. (2010) 
found that the addition of olive leaves to the diet of turkeys has a beneficial effect on the later 
phase of meat storage. For turkey that had been fed with olive leaves, the lipid oxidation of raw 
breasts was delayed for up to 12 days and bacterial growth was inhabited during this period. 
2.3 Plant Growth and Development 
The growth of plants refers to the increase in the size and weight of cells and plant organs 
due to cell division and enlargement (Taiz et al., 2015). Plants will stop growing when the organ 
or part of it reaches a certain size and this is an irreversible process. Differentiation refers to the 
process whereby generalized cells transform into morphologically and physiologically distinct 
cells. This process is usually induced by specific conditions, including internal and external triggers 
(Taiz et al., 2015). Development includes all the changes that a plant experiences during its life 
cycle, from seed germination to senescence. Therefore, the concept of development 
encompasses the processes of growth and cell differentiation. 
Environmental factors and genetic instructions determine the different patterns of plant 
development (Taiz et al., 2015). The following sections describe three environmental factors that 
impact plant development. 
2.3.1 Light (Incident Radiation) 
2.3.1.1 Influence on Germination 
Light influences plant development from the germination stage. Studies have shown that 
seed dormancy and germination are sensitive to light of certain wavelengths (Pons, 2000). Red 
light can promote seed germination while far-red light has an inhibitory effect (Borthwick et al., 
1954). These phenomena are related to the phytochrome pigment in the seed. Borthwick et al. 
(1954) have reported that phytochromes are involved in the release of dormancy and the 
germination of lettuce seeds. Light also affects the growth and differentiation of seedlings. 
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Light is a signal conduction. For example, during seedling emergence, a dark environment 
will lead to etiolated growth (Taiz et al., 2015). Symptoms are slender and fragile stems, finely 
curled leaves, stunted roots and no chlorophyll and therefore no photosynthesis (Hopkins, 1999). 
Red light can effectively eliminate etiolated growth through promoting the development of 
young leaves, inhibiting stems’ excessive elongation (Taiz et al., 2015). 
2.3.1.2 Influence on Leaf Photosynthesis and Yield 
Light is a major component of photosynthesis. Visible solar radiation (~400 - 700 nm) on the 
earth’s surface is closely related to plant growth and thus has attracted the interest of plant 
ecophysiologists (Jones et al., 2003). Visible light absorbed by pigment molecules (mainly 
chlorophyll a and b and carotenoids) drive plant photosynthesis. This light specific wavelength is 
widely recognized as Photosynthetically Active Radiation (PAR) (McCree, 1971). Monteith and 
Unsworth (2013) reported that about half of the total amount of solar radiation received is PAR. 
Under higher light radiation, oxygen has a high affinity for the photosynthetic enzyme Rubisco 
and binds to Rubisco instead of carbon dioxide. This can reduce photosynthesis through a process 
called photorespiration (Hay & Porter, 2006). 
The photosynthetic rate increases as the light radiation increases until radiation reaches a 
specific value called the light saturation point. Depending on the mechanism of photosynthesis, 
plants can be divided into C3 plant and C4 plant (Hay & Porter, 2006). Generally, C4 plants have a 
higher saturation point than C3 plants. The first carbon compound produced by C3 plants during 
photosynthesis is three carbon atoms. C4 plants can produce a 4 - carbon compound and provide 
a higher CO2 concentration to minimize the photorespiration. 
Heraut-Bron et al. (2000) demonstrated that when white clover leaves were treated with 
higher irradiance (300 - 350 µmol/m2s), they achieved a 28% higher weight than leaves treated 
with lower irradiance levels (100 - 150 µmol/m2s). These authors also found that clover shoot 
biomass of plants was lower when they received lower irradiance. Also, micromolecular 
substances (glucose, sucrose and amino acids) are synthesized into starch, protein and fat and 
are stored in cotyledons and endosperm (Coelho & Benedito, 2008). This accumulation depends 
on leaf photosynthesis (Jones et al., 2003) and the total dry matter accumulation of many crops 
(including wheat) is proportional to the total amount of radiation intercepted (Cai & Wu, 1993). 
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During the wheat grain filling period, continuous dull rainy weather results in a significant 
reduction in yield (grain weight) by influencing the PAR (Cai & Wu, 1993). 
The first step in optimizing crop yield and quality is to understand their response to 
environmental and management factors. In the absence of pests and diseases, weather is a major 
determinant of crop yield (Monteith, 2000). Moreover, when temperature, moisture, and 
nutrient conditions are optimum, yields respond linearly to the amount of intercepted solar 
(Allen & Scott, 1980; Monteith, 1977). This concept allows crop physiologists to describe yield 
based on four components (Hay & Porter, 2006), as shown in the following equation: 
Equation 1: Y = R0*R/R0*RUE*HI 
where Y is the crop yield, R0 is the daily incident radiation, R/R0 is the radiation intercepted by 
the canopy, RUE (radiation use efficiency) is the overall photosynthetic efficiency of the crop (for 
example the efficiency of conversion of radiant to chemical potential energy), HI (harvest index) 
is the fraction of the dry matter produced which is allocated to the harvested parts. 
2.3.2 Temperature 
The life of a plant is affected by temperature changes as enzymes are important in 
physiological and biochemical processes and temperature determines their level of activity 
(Huang, 2005). Only when the optimum temperature is reached is the enzyme most effective in 
promoting a reaction (Wintrode & Arnold, 2001). 
Plant growth is limited to a broad range of temperatures (Gao, 2012).This limitation is related 
to the cardinal temperatures, which includes a base, an optimal and a maximum temperature 
(Gao, 2012). Plant development is most effective in the optimal temperature range (Li, 2013). For 
example, the base and maximum temperatures of wheat crops are 3 - 5 °C and 30 - 32 °C, 
respectively and the optimal temperature range is 20 - 22 °C (Huang, 2005). In practice this means 
that, in agricultural production, the most basic agronomic decisions (e.g. time of sowing), should 
take into account the plant temperature thresholds for growth and development (Gao, 2012). 
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According to Hay and Porter (2006), dry matter accumulation of a plant can be determined 
by the following equation: 
Equation 2 Pnet = Pgross - Rphoton - Rmitocrontrial 
where Pnet is the net photosynthesis or dry matter production, Pgross refers to the rate of gross 
photosynthesis, Rphoton refers to the rate of photorespiration and Rmitocrontrial is the mitochondrial 
respiration. Therefore, day and night temperatures can influence plant yield through their 
influence on the rate of respiration. 
In the appropriate temperature range, photosynthesis and respiration increase with 
increasing temperature and decrease with decreasing temperature. For example, during wheat 
maturation, the rate of photosynthesis is higher during the daytime with higher temperatures, 
leading to more organic matter accumulation (Zhao, 2014). With lower temperatures at night, 
less organic matter is consumed by respiration (Zhao, 2014), leading to higher net photosynthesis. 
Therefore, in wheat, the greater the daily temperature variation (warm days and cold nights), the 
higher the yield (Lobell & Ortiz-Monasterio, 2007). For example, the dry matter weight of crops 
produced in Tibet is higher than that of mainland China, because Tibet has a much greater daily 
temperature variation (Lu & Yu, 1978). 
2.3.2.1 Soil Temperature and Plant Emergence 
Seeding emergence may be the most important phenological event affecting the success of 
annual plants. The time of emergence is an important determinant in the process of crop 
establishment and further competition for resources (Forcella et al., 2000). 
The optimum temperature range for emergence ranges among different crops. For potatoes, 
for instance, the optimum temperature have been recorded to range from 22 oC (Sale, 1979) to 
25 oC (Midmore, 1984). Work by Schneider and Gupta (1985), on the relationship between maize 
emergence and temperature, showed that the time of maize emergence is extremely sensitive to 
temperature. At a soil temperature of 20 - 30 oC, the emergence occurred in less than eight days, 
whereas the lower temperatures (5 - 15 °C) not only delayed emergence by up to 42 days but also 
reduced the number of plants that emerged. The final percentage of maize emerged  at different 
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temperatures were 87% at 5 to 15 °C and 99% at 20 to 30 °C, respectively, and cold and humid 
conditions caused seed rot and seedling blight (Schneider & Gupta, 1985). 
2.3.2.2 Thermal-time 
Reaumur (1735) first described the relationship between plant developmental events and 
temperature to predict plant phenology and there have been several synonymous terms used to 
describe the sum of temperatures to predict the duration of plant growth (Nuttonson, 1955). 
Thermal-time (Tt) is the common term used for quantifying plant development (Ritchie & 
Nesmith, 1991). When other environmental conditions such as light and water are favorable, 
plants must accumulate enough heat in order to progress from one developmental stage to the 
next. Based on the initial concept of Reaumur, Tt can be divided into two parts which are the 
accumulation of temperature over a period of time and the plants response to this accumulation. 
The most basic form of Tt is the linear function of temperature accumulation (Bonhomme, 2000). 
According to Ritchie and Nesmith (1991), thermal-time can be calculated by the following 
equation: 
Equation 3: Tt = a b  (To - Tb) 
where To is the daily mean temperature which is usually calculated using the maximum and 
minimum daily temperatures. The base temperature is Tb, and a and b are the first and last day 
of the temperature observations in the experiment, respectively. Muchow and Bellamy (1991) 
reported that when the daily temperature is higher than the base temperature and lower than 
the maximum temperature, plant development rates and daily mean temperatures (Tmean) 
conform to a linear relationship. 
When plant development is linear with the Tmean, it is reasonable to use thermal-time to 
predicate plant growth and development (Ritchie & Nesmith, 1991). Wheat modelling using Tt 
has been developed by considerable number of researchers (Hussain et al., 2018; Weir et al., 
1984; Xiao et al., 2017). In 1984, Weir et al. demonstrated that it is feasible to use Tt to predict 
and build a wheat canopy model. Although the influence of vernalization and photoperiod on 
crops may have an impact on the accuracy of the prediction, Saiyed et al. (2009) reported that 
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using thermal-time to predict crop growth and development is credible. In their study, thermal-
time effectively predicted the time from wheat sowing to anthesis (R2 = 0.84) and grain 
development to maturity (R2 = 0.62). Therefore, it is reasonable to use thermal-time to estimate 
wheat canopy development. 
2.3.3 Nutrients 
The nutrients required for normal growth and development of plants include major 
nutrients and trace elements. Regardless of their content in plants, they play a vital role in growth 
and development. Therefore, when plants lack any nutrients, growth and development is 
inhibited, resulting in reduced yield quality (Taiz et al., 2015). 
Nitrogen (N) is found in several important plant components such as amino acids, proteins 
and chlorophyll. It is key for leaf development and chlorophyll production which is essential for 
photosynthesis. Boussadia et al. (2010) reported that N can stimulate leaf enlargement. Stunted 
growth, slow growth, and chlorosis are usually caused by nitrogen deficiency (Roy et al., 2006). 
In a similar way, phosphorus (P) is involved in most plant growth and development. 
Phosphorus exists primarily as a structural component of nucleic acids: deoxyribonucleic acid 
(DNA) and ribonucleic acid (RNA), as well as fatty phospholipids (Saenger, 1973). These are 
involved in several important metabolic processes in plants. According to the study of Boussadia 
et al. (2010), P can enhance leaf enlargement and assists with the growth flowers, helping with 
reproduction. Also, phosphorus can be used to modify the activity of various enzymes by 
phosphorylation and for cell signaling (Zhou, 2013). 
However, unlike other major elements, potassium (K) is not found in plants’ components 
but is a catalyst and condensing agent for complex substances, an accelerator of enzyme action. 
Potassium is also involved in stomatal opening and closing to regulate plant water (Arquero et 
al., 2006). Moreover, K can also stimulate leaf enlargement and delay leaf senescence. 
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The most prominent role of magnesium (Mg) in plant is its involvement in chlorophyll 
synthesis. It is the only metal element in the chlorophyll molecule and directly participates in 
photosynthesis through the formation of chlorophyll (Sirijovski et al., 2006). 
Iron (Fe) is also an activator of many enzymes that regulate substance metabolism and 
energy conversion. Iron is required for photosynthesis and is present as an enzyme cofactor. 
Without iron, chlorophyll cannot form and leaves will lose greenness, directly affecting 
photosynthesis (Marsh Jr et al., 1963). Iron is also a component of several enzymes involved in 
respiration of plants. 
2.4 Olive and Wheat Production 
2.4.1 Olive Trees 
Buds of olive trees shoots can become vegetative buds or flower buds and sprouting of the 
trees begins at the end of winter. Flowering occurs during summer, and fruiting shoots called 
inflorescences, originate in the axil of a leaf. Each inflorescence usually contains 10 to 30 flowers 
depending on the cultivar (Chinese Flora, 1997). 
Olive trees produce large numbers of flowers during this period which can last less than a 
week. Before the flowers open, they go through a period of differentiation, resulting in perfect or 
staminate flowers. Perfect flowers have both stamens and pistils, while staminate flowers have 
only stamens and lack a pistil (Breton & Bervillé, 2013). A detailed description of the olive 
development has been given by Breton and Bervillé (2013) as follows. Flowers can be pollinated 
in two ways by self-pollination or by cross-pollination. After fertilization, new olive growth begins, 
and this stage is called the curd stage. During the fruit set period, because the olive tree only 
keeps those fruits that it can support, withered flowers may also be seen in this time. Fruits begin 
to harden, until they reach their definitive size and initially-intense green color. As they mature, a 
color change occurs. The color changing stage is known as veraison and is due to chlorophyll 
degradation and the accumulation of anthocyanins. Some fruits lost their green tones and turn 
yellow or pink until they reach a strong garnet or black tone. When the fruit achieves the typical 
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color of the cultivar, it remains turgid. This time is the harvest maturity and suitable for oil 
extraction (Chinese Flora, 1997). 
Olive trees are a highly alternate (or biennial bearing) species, in that fruits develop on 
inflorescence which develop from the buds of the shoots from the previous year. Moreover, 
inflorescences can only develop on well lignified shoots. Therefore, stronger and healthier 
vegetative shoots from the previous year have great potential to produce fruit (Lavee, 2007). 
Brown (1994) and Fernandez-Escobar et al. (1999) reported that leaf nutrients in the “off” year 
(or the year with no fruit bearing) are higher and reduce sharply in the “on” year (or the year of 
fruit bearing). This is because olive trees need to store nutrition in preparation for the next year’s 
fruiting. Nitrogen, phosphorus and potassium are the three crucial nutrients for olive yields 
(Fernandez-Escobar et al., 1999). Nitrogen affects olive yield by influencing fruit set, and leaf 
nitrogen content, which ranges is from 1.35% to 1.8% (Erel et al., 2013). Phosphorus does not 
only influence fruit set, but more importantly affects flowering number and the formation of 
perfect flowers (Erel et al., 2013; Erel et al., 2016; Jiménez-Moreno & Fernández-Escobar, 2017). 
Unlike other elements, the role of potassium is more likely to affect olive quality (Inglese et al., 
2002; Rosati et al., 2015). Potassium can increase the ratio of pulp to peel and increases the 
weight of the fruit, which leads to an increase in the production of olive oil (Mimoun et al., 2004). 
2.4.2 Wheat 
Wheat, a C3 crop, is a highly adaptable and can grow in dry, moist, warm or cold areas, 
providing a great degree of plasticity. The optimum temperature for wheat development is 20 –
25 °C. The base and maximum temperature are reported as 3 °C and 32 °C, respectively (Huang, 
2005) and light saturation occurs when radiation reaches 20 MJ/m2 d (Acevedo et al., 2002). 
Wheat produces side shoots called tillers to build canopy (Acevedo et al., 2002) and bud 
differentiation into tillers and tiller appearance usually ends before stem elongation begins (Baker 
& Gallagher, 1983). Different cultivars of wheat have different responses to vernalization. 
Vernalization has a major impact on winter wheat but little or no effect on spring cultivars such 
as Sensas used in this experiment (Flood & Halloran, 1986). Most wheat cultivars are sensitive to 
photopheriod but does not require a specific photopheriod to induce flowering. 
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According to Zadoks et al. (1974), wheat growth and development can be divided into 10 
important development phases including germination, seeding emergence, tillering, stem 
elongation, booting, ear emergence, flowering, milk development, dough development and 
ripening. Several important growth stages (GS) during these phases have a major influence on 
wheat yield. These stages include flag leaf emergence (GS 39), flowering (GS 61) and start of grain 
fill (grain development) (GS 71) (Hay & Porter, 2006; Zadoks et al., 1974). Evans and Rawson (1970) 
reported that flag leaves and ears have a major impact on yield, as the carbohydrates needed 
during grain filling depend on the remobilization of their photoassimilates. Bıṙsıṅ (2005) found 
that flag leaves are more important than ears for net plant photosynthesis. According to this 
author, the removal of flag leaves caused a 24% reduction in 1000 gain weight. Therefore, the 
time of full flag leaf emergence (GS 39) is the most important stage for contributing to yield (Evans 
& Rawson, 1970; Monneveux et al., 2004; Thorne, 1965). 
Nitrogen, phosphate and potassium are three important nutrients during wheat growing 
season to support canopy growth and latter grain filling.(Roberts & Heady, 1982). 
Moreover, the quality of wheat for bread making depends on the protein content in grain 
(Hay & Porter, 2006). Grain quality can be improved by higher temperature during anthesis (Hay 
& Porter, 2006; Thorsted et al., 2006) and shade during grain filling (Qiao et al., 2019; Zheng et 
al., 2013). This is because high temperature inhibition of starch accumulation in the grain has a 
greater effect than inhibition of grain protein accumulation (Hay & Porter, 2006). According to a 
study by Triboi and Triboi-Blondel (2002), an increase in temperature from 20 oC to 30 oC during 
anthesis led to a 27% reduction in grain weight and a 25% increase in grain protein content. 
Moreover, Zheng et al. (2013) reported that shade can reduce the accumulation of starch and 
reducing sugars without altering the protein content in the grain, which leads to higher grain 
protein concentration. Similar results were found by Qiao et al. (2019). They reported an increase 




2.5. Agroforestry and the Environment 
Forest planting cover an estimated 264 million hectares worldwide (Food and Agriculture 
Organization of the United States, 2010) from 2000 to 2010. To maximize yields of agroforestry 
systems, it is important to understand the interactions between multiple plant species and the 
environment. These interactions can lead to changes for above- and below-ground key resources 
(e.g. incident radiation, temperature, and nutrients) (Mao & Zeng, 2009). Therefore, the first step 
in designing an agroforestry system is to understand how these components are influenced by 
multiple plant species’ conformation. 
This section will review the three key resources such as incident radiation, temperature and 
nutrients separately and explore the current understanding of how different agroforestry systems 
can affect plants performance. 
2.5.1. Incident Radiation 
In an agroforestry system, tree-height can differ significantly between species. Therefore, 
the access to incident radiation is highly related to the configuration of the system. For example, 
the height of trees, spatial organization, density of leaves and branches in the upper canopy, and 
distance between trees and intercrops all can be influential. When water and nutrients are 
adequately provided, crop production is limited by the amount of radiation intercepted by the 
crop (Monteith, 1994; Monteith et al., 1991; Zhang et al., 2014). 
In an agroforestry system the photosynthetically active radiation (PAR) that reaches the soil 
increases with distance from the trees. Nicodemo et al. (2016) found that, for several tree species 
such as Peltophorum dubium Urochloa decumbens and Anadenanthera colubrine, areas greater 
than ten meters away from the trees, on average, received more than 90% of the available PAR. 
Due to selective absorption by leaf pigments, there is a different radiation spectrum under 
the tree canopy, resulting in a lower red to far-red ratio (Martinez-Gracia et al., 2010). Schmitt 
and Wulff (1993) reported that the rich far-red radiation increases apical dominance and inhibits 
growth of lateral buds. Therefore, the authors concluded that this change in spectrum under the 
tree canopy could contribute to different yields of crops depended on their distances from trees. 
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Moreover, low light availability contributes to low crop yields (Barro et al., 2009). Barro et al. 
(2009) found that slash pine trees (Pinus elliottii) had a negative influence on yield of intercropped 
winter oats (Avena sativa). Their shade treatment of 24% and 56% of full light reduced winter oat 
yields by 25% and 58%, respectively, compared with the full sunlight treatment. Similarly, Kirchner 
et al. (2010) grew black oats (Avena strigosa) in Brazil in an agroforestry system with hairy vetch 
(Vicia villosa) trees in a spacing of 15 x 3 m. They found that the intercropped oat intercepted 
only 66% and 30% of the total available PAR from the months of March and April, respectively. 
This resulted in a 43% final yield reduction compared with the control crops grown under full 
sunlight. Wheat (Triticum aestivum) intercropped with Paulownia elongata trees has also been 
reported to negatively influence wheat yield in China (Chirko et al., 1996; Yin, 1997). This was 
explained by the lower PAR available to the wheat crop from the ten days before flowering until 
grain filling. 
However, agroforestry systems can be optimized to increase light access by pruning and 
thinning of trees (Everson et al., 2004). In timber trees and maize (Zea mays) intercropping, 
pruning of trees in mid-season of maize crop has been demonstrated to reduce light competition 
and improve maize yield (Bertomeu, 2012). Adjusting the distance between the trees and the 
crop can also effectively increase crop yield. Gao et al. (2013) found that increasing soybean 
(Glycine max) and apple tree (Malus domestica) intercropping distance from 0.5 to 1.5 m, 
increased soybean yield by 10%. Yang et al. (2019) found that in a wheat and jujube (Ziziphus) 
tree intercropping system, when they increased the wheat and juju tree distance from 90 cm to 
130 cm, wheat yield increased 19%. 
However, in an agroforestry systems, crop quality should also be taken into account. Morais 
et al. (2006) found that coffee intercropped with pigeon pea (Cajanus cajan) increased coffee 
quality. In their experiment, the shading from the tree slowed the maturity of the coffee beans, 
but increased the contents of caffeine, oil and chlorogenic acid. Moreover, the improvement of 
wheat quality improved by intercropping with trees has also been well documented (Lu et al., 
1997; Qiao et al., 2019; Wang et al., 2015). These researches showed that increased crop shade 
intensity significantly increases wheat grain protein content which results in benefits for dough 




In agroforestry systems, trees can access nutrients from deep layers in the soil profile that 
are not accessible to shallow rooted crops. However, they can also become competitors for 
nutrient uptake depending on the structure of the roots of the trees. 
Existing research shows that competition for soil nutrients in trees and crops has a negative 
impact on crop performance (Yun et al., 2012). In the Loess Plateau of China, two kinds of walnut 
and crop agroforestry systems: Juglans regia and Arachis hypogaea (peanut); Juglans regia and 
Glycine max (soybean), reduced around 12% soil nutrient content of 0 to 40 cm depth, resulting 
in a reduction peanut and soybean yields of 18% and 23% respectively (Yun et al., 2012). Similarly, 
the Populus deltoides, due to its shallow root system, has also been reported to compete for 
nutrients as well as soil moisture in different crop intercropping systems such as with sorghum 
(Sorghum bicolor), wheat (Triticum aestivum) and sugarcane (Sachharum officinarum) (Nandal & 
Bisla, 1995; Singh & Sharma, 2007). Gao et al. (2013) reported that the total organic matter, total 
N, available P and available K in an apple (Malus domestica)- soybean (Glycine max) intercropping 
system was reduced by 31%, 63%, 56% and 28% compared with their respective monocultures. 
Gao et al. (2013) also reported that, in an apple – peanut (Arachis hypogaea) system, the total 
organic matter, total N, available P and available K reductions were 18%, 21%, 36% and 8%. In 
these experiments ,the crop yields of both systems were also reduced (soybean 12 - 22%; peanut 
11 - 13%). Sharma et al. (2012) found that wheat biomass reduced significantly within three 
meters of the tree line and improved with increasing distance. The authors attributed these 
differences to competition for nutrients. 
Plant nutrient competition in an agroforestry system can be alleviated by introducing 
legumes into the system (Lucas et al., 2010). Legumes have the unique biological nitrogen-fixing 
capacity, so they can capture nitrogen in the atmosphere rather than relying entirely on soil 
nitrogen (Ito et al., 1997). Biological nitrogen fixation can provide more nitrogen for the growth 
and development of legumes under different environmental conditions. The legumes residue in 
the system can supplement the soil with nitrogen after decomposition (Fujita et al., 1992; Ito et 
al., 1997). Patil and Pal (1988) reported that planting bread wheat in an area previously used for 
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cowpea intercropping can save 80 kg of N/ha. Nutrient cycling and greater nutrient availability 
by the incorporation of legumes can therefore be taken advantage of to reduce competition and 
increase the yield of agroforestry systems. 
Livesley et al. (2002) reported that in a senna (Senna spectabilis) and corn (Grevillea robusta) 
intercropping system, nutrient competition between these two species was reduced. This can be 
explained by the roots of senna often heavily infected by vesicular mycorrhiza, which is likely to 
improve the soil nitrogen content (Livesley et al., 2002) Bouhafa et al. (2015) found that in an 
olive - wheat intercropping system, olive yield was 1.7 tons/ha and the N and K contents of the 
olive leaves were 0.3% and 0.6%, respectively. However, in an intercropping system with 
chickpea and faba bean, olive yielded 3 t/ha and 2.5 t/ha, respectively, and leaf N contents were 
0.5% and 0.5%, respectively, and potassium contents were 0.7% and 0.9% which were all higher 
than wheat intercropping. A vegetative growth improvement also observed by Razouk et al. 
(2016). In their experiment, when intercropping olive tree with faba bean, tree shoot length 
improved by 14% to 30% depending on the distances between plants. However, the physiological 
mechanism driving these differences was not given by the authors. It seems that the benefits of 
intercropping legume crops and olive trees have been overlooked to this day.
Crop harvesting contributes to the removal of nitrogen from agroforestry systems. In 
agroforestry systems, the removal of litter and tree prunings also lead to nitrogen loss. According 
to Livesley et al. (2002), in a Grevillea robusta - maize system, 14 kg/ha of nitrogen was removed 
by tree litter and prunings. Similarly, over 75 kg/ha of nitrogen was removed from their senna 
hedgerow - maize system. In order to recycle the nitrogen in these leaves, an effective way is 
eaten by animals as tree fodder. This is because the nitrogen will return to the soil through the 
faeces of animals. 
Moreover, competition for nutrients in agroforestry systems can be reduced when the 
period for nutrient demand varies between the intercropped species. For example, Trifolium 
repens is productive in late winter to late spring and mid-autumn to mid-winter (Lucero et al., 
2000) whereas the growing season for olive trees is typically from spring to autumn (Bouhafa et 
al., 2015). Therefore, the growth and development of both species will not be influence by 
nutrient competition. The production of the system is not likely to be reduced. 
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2.5.3 Temperature and Wind 
Shade provided by trees in agroforestry systems can benefit crops during extremely warm 
days. Temperatures under tree canopies can be much lower than in an open field, reducing heat 
stress for plants(Lin et al., 2015). Trees have also been reported to act as windbreaks in wheat 
fields, reducing sandblasting and lowering temperatures downwind (Bennell et al., 2007b). 
According to Bennell et al. (2007a) flower abortion of faba beans (Vicia faba) is increasingly 
sensitive to wind speeds in the range of 2 - 16 m/s under 30 °C. In their experiment, compared 
with 2 m/s wind speed treatment, flower abortions from 12.5 m/s wind speeds treatment were 
30% and 38% higher at anthesis and earlier flower developmental stages, respectively (Bennell et 
al., 2007a). 
Autstin et al. (1999) reported that soil temperature during the first 50 days after flower 
bloom affects fruit size in apple trees. This principle also applies to other species of trees including 
olive and jujube trees. Crop residues left on the soil surface can affect soil temperature in an 
agroforestry environment. Surface residue can reflect solar radiation and isolate the soil surface 
from atmosphere resulting in reducing the rate of soil temperature increase (Van Wijk et al., 1959). 
In a study by Shen et al. (2018), soil temperature and crop residue coverage showed a significant 
negative linear relationship and for every percentage increase in residue coverage, the soil 
temperature dropped from 0.01 to 0.03 °C (Shen et al., 2018). 
2.6 Agroforestry Modelling 
The agroforestry system is a complex system involving multiple competitions (e.g. light, 
nutrients) among species.  The development of a successful agroforestry system must follow the 
concept that different physiological needs among species is complementary to the resource used 
(section 2.1.1) (Mao & Zeng, 2009). Therefore, reasonable decision-making is highly important in 
agroforestry, including species selection and planting time (Atangana et al., 2014). 
A successful agroforestry system generally results from years of experimentation. According 
to Burgess et al. (2019), due to the long growth period of trees, if only relying on experimental 
data, the development of agroforestry system will be restricted but using an agroforestry model 
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can solve this problem. The term ‘agroforestry model’ is explained by the Oxford English 
Dictionary as a simplified description of a system or process helping calculations and predictions. 
Until now, agroforestry modelling has been used in considerable numbers of studies (de Jalón, 
2018; De Reffye et al., 1995; Lamanda et al., 2008; Mialet-Serra et al., 2001). 
In this experiment, wheat canopy/phenology models of different sowing data were 
developed, based on the thermal-time (section 2.3.2.2), to undertake a sensitivity analysis to 
























Chapter 3. Materials and Methods 
3.1 Site Description 
An agroforestry experiment with three olive cultivars, intercropped with wheat or wheat 
undersown with clover was carried out in Canterbury, New Zealand in 2018/2019. 
The experiment was a split plot design with three treatments as main plots (wheat, wheat 
undersown with clover and a Fallow as control) and three tree cultivars (Frantoio (F), Barnea (B) 
and Leccino (L)) as sub plots as showed in Figure 3.1. Milling wheat (Triticum aestivum) and white 
clover (Trifolium repens) was sown on the west and east sides of each row of trees leaving an 
unsown gap of approximately 1.5 m from the base of the trees. Each side of wheat planting area 
was 36m2 (3 m X 12 m). 
 
Figure 3.1 Illustration of the field experiment main plots (W-- only wheat; W/C-- wheat undersown with clover; C-- (Fallow)) and 
the three tree cultivars as sub plots (F-- Frantoio; B-- Barnea; L--Leccino). 
Experiments were replicated three times (Figure 3.2). The tree, which had been planted in 
a north-south arrangement, had an average of height of 3-4 m and a canopy diameter of 2.7 m. 
In the rows, trees were spaced 4 m apart. 
 
Figure 3.2 Overview of the olive grove. The olive grove located the Lincoln University Horticulture site (43°38'S and 172°27'E) 
established in 2004. There were eight replicates surround by guard trees. Three replicates were used in this experiment. 
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3.2 Cultivation  
3.2.1 Olive Tree (Olea europaea) 
Barnea is a fast-growing cultivar which originated in Israel. It is a prolific producer of olives 
when environmental conditions are appropriate. However, the cultivar is intolerant of cold areas 
of New Zealand (Waimea Nurseries, 2014).  It is used in New Zealand as a pollinating tree.  
Leccino and Frantoio are both from Italy and are widely planted in New Zealand. Both have 
performed well in New Zealand and are favored for their quality oil. Frantoio is self-pollinating 
and has a strong resistance to disease. It can be used as a pollinating tree. According to a report 
by Aguilera et al. (2005), Frantoio has good adaptability to different agricultural environments 
and is highly productive; One drawback is that it is cold-sensitive. By contrast, Leccino is a healthy 
and vigorous cultivar with a good cold tolerance. However, it is not self-pollinating and has a low 
resistance to fruit drop (Aguilera et al., 2005; Waimea Nurseries, 2014). 
3.2.2 Milling Wheat (Triticum aestivum) 
The milling wheat cultivar used in this experiment was Sensas, a French bread wheat bred 
by research company serasem in France and introduced to New Zealand by PGG Wrightson Grain 
(PGW Grain). Compared with other spring wheat cultivars, Sensas develops quicker. It is 
commercially sown in August to mid-October (spring) in New Zealand and can be harvested after 
3-4 months (PGG Wrightson Grain, n.d). Sensas has moderate tillering ability, high yield and the 
grain is high in protein. As a spring wheat, it has very good resistance to disease such as stripe 
rust (Puccinia striiformis), powdery mildew (Sphaerotheca fuliginea) and rust (Pucciniales) (PGG 
Wrightson Grain, n.d). 
3.2.3 White Clover (Trifolium repens) 
White clover is one of the main species found in New Zealand pastures (Caradus et al., 1996). 
The advantage of this species is that it provides cheap, abundant nutritive value. As a legume, it 
fixes nitrogen (Caradus et al., 1996; Massey University, 2016). Therefore, it can provide high 
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quality feed for animals (Massey University, 2016). According to Caradus et al. (1996), the annual 
financial contribution of white clover to New Zealand agriculture is $3,095 million. 
3.3 Experimental Site 
3.3.1 Location and History 
The field experiment was carried out in an olive grove (established in 2004) located at 
Lincoln University (43°38'S and 172°27'E). Due to the decline in research interest in olives in 
recent times, the grove had been unmanaged for several years (such as limited pruning and weed 
control). Also, this study was carried out in typical “off” year in terms of fruit production, so it 
was not possible to measure this aspect. 
3.3.2 Soil 
The soil is classified as a Templeton silt loam (Udic Ustochrep, UDA Soil Taxonomy) (McLaren 
& Cameron, 1996) characterized as a moderately deep soil. The plant available water-holding 
capacity is approximately 190 mm/m of depth (Jamieson et al., 1995). 
3.3.3 Climate 
The climate in this area is characterized by a long-term average (LTA) rainfall of 610 mm 
evenly distributed throughout the year and a mean temperature of 15 °C during the wheat 
growing season in Canterbury (October - January). Between October and January the LTA 
evapotranspiration ranges from 96 to 146 mm per month. The meteorological data analyzed in 
this experiment were measured at the Broadfield Meteorological Station (Plant & Food Research, 
Lincoln, New Zealand) located about 3 km southeast of the olive grove experimental site. 
Table 3.1 Long-term (1999 - 2018) data series for rainfall, Penman total potential evapotranspiration (Epo), daily maximum 
(Tmax), minimum (Tmin) and mean (Tmean) temperature and daily solar radiation recorded at Broadfield Meteorological Station, at 














Jan 45 146 21.9 11.7 16.8 22.1 
Feb 40 112 21.7 11.8 16.7 19.2 
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Mar 44 88 20.1 10 15.1 14.7 
Apr 61 45 17.2 7.5 12.4 9.4 
May 65 27 14.6 5.1 9.8 5.9 
Jun 61 17 12 2.3 7.1 4.6 
Jul 54 20 11.3 1.6 6.4 5.4 
Aug 59 33 12.6 3.1 7.9 7.9 
Sep 36 61 15.1 4.9 10 12.6 
Oct 53 96 16.7 6.4 11.5 17.7 
Nov 48 124 18.5 8.2 13.3 22.1 
Dec 50 144 20.5 10.7 15.6 22.8 
Annual 610 916 16.9 6.9 11.9 13.7 
3.4 Three and Crop Managements 
3.4.1 Weed Control 
On the 30/08/2018, prior to drilling the milling wheat, glyphosate herbicide was applied in 
the experiment site. During the experiment, weeds were controlled by hand weeding. 
3.4.2 Diseases Control 
On the 27/08/2018, copper oxychloride at a rate of 300g/100L of water (Yates) was applied 
to the trees to prevent for fungal and bacterial diseases (e.g. black spot (Diplocarpon rosae), fire 
blight (Erwinia amylovora) and leaf curl (Taphrina deformans). 
3.4.3 Fertilizer Application 
Based on the soil analysis, 15 g OrganiBor (Boron content 10%) was applied at the base of 
each olive tree by hand – prior to the sowing of the milling wheat crop. 
Table 3.2 Soil test results for the experimental site in Lincoln, Canterbury, New Zealand from 2018. Olsen Phosphorus 
measured by Molybdenum Blue Colorimetric. Potassium, Calcium, Magnesium, Boron were 1 M Neutral ammonium 
acetate extraction followed by ICP-OES. Medium Range stated is from Hills Laboratories. 











Soil test  6.5 17 0.72 6.4 2.65 0.6 
Medium 
Range 




3.4.4 Wheat and Clover Establishment 
On the 20/09/2018, wheat was drilled at a rate of 95 kg/ha with a Fiona seed drill at a depth 
of 25 mm and a row spacing with 75 mm. On the same day, clover crop was sown by hand at a 
rate equivalent to 3.5 kg/ha, then gently raked over. 
3.5 Physical Environmental Measurements 
3.5.1 Temperature 
From the 20/09/2018 to the 01/07/ 2019, to recorded temperature, a HOBO U12 4-external 
channel outdoor/industrial logger (ONSET ®, HOBO® U12-008 Data Logger) with TMCx-HD 
water/soil temperature sensors was used to record soil and air temperatures hourly. One sensor 
was placed one meter above the soil surface to measure air temperature and three were placed 
150 mm underground to measure soil temperature in each of the main treatments in the 
replicate (Rep) 2 (Figure 3.2). 
3.5.2 Soil Moisture Content 
Soil moisture content at 150 mm depth was recorded weekly in each plot using a HydroSense 
II Display (Campbell Scientific 658, SN: 33334). One measurement was taken on each side of the 
tree row (west and east) in each plot. 
Rainfall and evapotranspiration values during the experiment were collected from data 
recorded at Broadfields Meteorological Station at Lincoln, Canterbury, New Zealand. Potential 
soil water deficit (D) was calculated based on the method of French and Legg (1979), using 
estimates of Penman`s evapotranspiration: 
Equation 4: D = Do + Epo - rainfall – irrigation 
where Do is the value on the previous day and Epo refers to the potential evapotranspiration 
estimated. No irrigation was used in this experiment. 
The potential soil water deficit, calculated for a milling wheat crop with a root depth of 800 
mm and daily rainfall are shown in Figure 3.3. During the wheat growing season (September 2018 
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to January 2019), the soil water deficit was above 70.5 mm, which is the critical soil water deficit 
for wheat grown in a templeton silt loam soil (Figure 3.3) (Hay &Walker, 1989). 
 
Figure 3.3 Potential water deficit (mm) calculated using daily values of Penman evapotranspiration and rainfall (grey bars) 
during the experiment (July 2018 to March 2019). Data collected from the Broadfields Meteorological Station (Lincoln, New 
Zealand). The horizontal dashed line represents the critical soil water deficit for wheat grown in a templeton silt loam soil at 
70.5 mm (Hay & Walker, 1989). 
3.5.3 Solar Radiation in Canterbury 
Monthly total solar radiation in Canterbury from 2018 to 2019 was obtained from the 
Broadfields Metereological Station (Lincoln, New Zealand) (Figure 3.4). 
Additionally, two line quantum sensors (LI-COR Biosciences, LI-191) were placed in the 
Fallow plot (Rep 2) (one each side of the olive trees) to record the photosynthetically active 
radiation (PAR) in the olive grove. A Gaussian, 3 parameter fitted curve (R2 = 0.86) was fitted to 
these data showed in Figure 3.4 (Red line). 
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Figure 3.4 Monthly total solar radiation (MJ/m2) in Canterbury from 2018 to 2019 measured at the Broadfields Metereological 
Station (Lincoln, New Zealand) (Grey bar). A Gaussian, 3 parameter fitted curve (R2 = 0.86) was fitted to these data (Red line). 
3.6 Annual Crop Measurements 
3.6.1 Wheat Emergence 
Wheat emergence was determined by counting the number of seedlings visible from the 
start of emergence. A one-meter standard ruler was used to measure the number of emerged 
plants within this length, in each plot on the west and east side of each line of trees. 
The number of emerged plants was measured from 05/10/2018 and continued until there 
was no further increase in numbers of emerged plants. 
3.6.2 Green Canopy Ground Cover 
A GreenSeeker handheld crop sensor (Trimble instruments, California) was used to measure 
canopy ground cover, based on the normalized difference vegetation index (NDVI) (ranging from 
0.00 to 0.99). NDVI is derived from the canopy reflectivity of the red and near-infrared wavebands 
and was calculated according to following equation: 
Equation 5: NDVI = (NIR - VIS) / (NIR + VIS) 
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Gamon et al. (1995) reported that NDVI is a sensitive indicator of canopy structure. As the 
canopy size increases, chlorophyll and related pigments absorb more visible (VIS) wavelengths 
(400 - 700 nm), while more near-infrared (NIR) wavelengths (750 - 850 nm) are reflected. 
Therefore, the measured values can reflect the green canopy ground cover of the crop. 
In this experiment, from 5/10/2018 to 24/01/2018, from wheat emergence to harvest, a 
GreenSeeker handheld crop sensor (Trimble instruments, California) was held one meter above 
the ground on the mid line from south to north in each intercropping treatment to measure 
wheat canopy ground cover. 
3.6.3 Wheat Growth Stage  
Major wheat growth stages such as flag leaf emergence (GS 39), flowering (GS 61) and grain 
fill (GS 71), were visually assessed and recorded weekly. These growth stages were based on the 
decimal key devised by Zadoks et al. (1974). For this a total of ten wheat plants were randomly 
selected on each occasion. 
3.6.4 Crop Protection and Harvest 
To prevent bird damage, the crops were covered by a 1.5 X 2 m net in each plot after wheat 
flowering had finished. When the wheat was mature, a 1 m2 area from each intercropping 
treatment (on both west and east sides of the trees) was harvested using hand shears. This took 
place on 29/01/2019. 
Wheat ears from each harvested plot were counted and ten randomly selected ears were 
used to determine total grain weight and thousand grain weight. From these harvested grains, 
protein and trace elements content were determined (Hill Laboratories, Hornby, Christchurch, 
New Zealand). 
The white clover was harvested in a similar way as wheat harvest. Fresh weight was 
recorded at harvest time and plants were later dried in an air circulation oven at 60-70°C for 48 
hours. Then, the dry weight was recorded. 
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3.7 Olive Tree Measurements 
3.7.1 Tree Shoot Selection  
At the end of November 2018, for each tree, two west-facing and two east-facing branches 
at a height of approximately 1.5 meters from the ground were selected from the outside of the 
canopy. A shoot, of approximately 300 mm from the distal end of each chosen branch was then 
selected and labelled and the marked shoots were monitored throughout the vegetative growing 
season. 
3.7.2 Labelled Shoot Measurements 
From 23/11/2018 to 29/05/2019, the following shoot measurements were recorded: shoot 
length and number of leaves (a leaf was recorded when its lamina was longer than 5 mm). These 
measurements were carried out at a 10 days interval. 
3.7.3 Stomatal Conductance (SC) and Chlorophyll Concentration 
From 05/12/2018 to 03/06/2019, stomatal conductance (SC) and chlorophyll concentration 
measurements were carried out every 10 days on each marked shoot. The youngest leaf which 
was at least 15mm wide was used with a Leaf Porometer (SC-1, ICT International) to record 
stomatal conductance. After each measurement of SC, the greenness of the same leaf was 
measured with a SPAD chlorophyll meter (502Plus, Konica Minolta). 
The chlorophyll concentration was determined by the dimethylformamide (DMF) 
chlorophyll method as described by Inskeep and Bloom (1985). Chlorophyll concentration was 
calculated by creating a calibration curve using the SPAD readings and the chlorophyll 
concentration values for each cultivar. A range of leaves with different levels of greenness (from 




3.7.4 Olive Leaf Measurements 
On 23/06/2019, olive leaves from both west and east sides of each trees were randomly 
collected by hands and put in labeled paper bags. 
From each bag, 100 leaves (equal to approximately 20 g) were selected to record fresh 
weight and average SPAD readings. The leaves were then dried in an air circulation oven (60 - 
70°C) until they reached constant weight. The leaves were then ground in an Ultra Centrifugal 
Mill ZM 200 Grinder. The ground samples later analyzed for protein and trace element content. 
3.8 Wheat Canopy/Phenology Modelling 
The canopy ground cover (CGC) development of wheat sowing on 20/9/2018 was recorded 
using a Greenseeker during the growing season. These data were fitted by a Piece-wise curves 
(R2 = 0.99) against thermal-time (Tt) (Tb=5 °C). Based on this curve, the Tt from full emergence 
to maximum canopy ground cover (CGC), Tt for CGC constant, and from maximum CGC to harvest 
were obtained. Dates of flag leaf emergence (growth stage (GS) 39) and the start of grain fill (GS 
71) for sowing on 20/9/2018 were recorded in this experiment. Using actual recorded date, the 
Tt to these stages were calculated. 
Since these Tt for wheat growth and development remain unchanged regardless of sowing 
date (Saiyed et al., 2009; Xiao et al., 2017), the canopy/phenology models of different simulated 
wheat sowing dates were created. An example of how this was used for sowing on the 23/8/2018 
is described below: 
In the model the x-axis intercept (a, Figure 3.5) and the slope of the earliest linear phase, 
correspond to the time of full wheat emergence and the canopy development rate, respectively. 
The coordinates (x, y) at which an increase in CGC ceases (b, Figure 3.5) corresponded to the date 
when maximum wheat CGC reaches and the maximum CGC value, respectively. The constant 
phase of maximum wheat CGC (c minus b, Figure 3.5) and the time of wheat CGC decrease (d 
minus c, Figure 3.5) are shown in days (Table 3.3). The constant phase ending point (c, Figure 3.5) 




Figure3.5: Example of wheat canopy ground cover (CGC) against date using actual data (Table 3.3). Numbers indicate wheat 
canopy ground cover changes (0-1 equals 0-100%) and letters indicate CGC increase duration(b-a), maximum CGC duration (c-b) 
and CGC decrease duration (d-c). The parameters of wheat CGC model from crop emergence to harvest were estimated by the Tt 
and are shown in Table 3.3. The regressions were performed using a three phase model where a = wheat emergence; b = start of 
maximum CGC phase; c = end of maximum CGC phase; d = wheat harvest. 
Table 3.3 Parameters for creating canopy model of a simulated wheat sowing date (23/08/2018). Numbers of days from full 
emergence to maximum canopy ground cover (CGC), numbers of day of constant phase last and numbers of days from 










of days to 
Max CGC 
 




















Eight simulated sowing dates were used (23/8/2018; 30/8/2018; 6/9/2018; 13/9/2018; 
27/9/2018; 4/10/2018; 11/10/2018; 18/10/2018) to created eight wheat canopy/phenology 




In this experiment, thermal-time was calculated using the equation:  Equation 3: Tt = a b  (To 
- Tb) (section 2.3.2.2). From the date when wheat was drilled to full crop emergence, thermal-
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time (Tt, °Cd) was calculated using the mean daily soil temperature and wheat base temperature 
for growth (5 oC). From full emergence onwards, mean daily air temperature and wheat base 
temperature for growth was used to calculated thermal-time. 
For olive growth and development, thermal-time was also measured from wheat full 
emergence and was also calculated using daily mean air temperature and wheat base 
temperature. 
3.9.2 Wheat Total Radiation Interceptance  
The wheat canopy ground cover models produced (section 3.8) and the available incident 
daily radiation for wheat intercropped with olive trees (Ro daily) were used to calculate the total 
canopy radiation intercepted in MJ/m2. 
The daily fraction of canopy ground cover (CGCdaily) was estimated using the wheat canopy 
model. Daily values of available incident radiation (Ro daily) for wheat were estimated with a 
Gaussian, 3 parameter fitted curve. 
Crop total radiation intercepted (Rtotal) was calculated by integrating the daily values of 
radiation interceptance, from crop emergence (em) to harvest (har), according to the following 
equation: 
Equation 6 Rtotal = har emCGCdaily*Ro daily
where Ro daily is the daily wheat mean available incident radiation. 
3.10 Statistical analysis 
Data were analyzed using GenStat version 18 (VSN International, UK). Significant differences 
(P < 0.05) among the treatments were determined by analyses of variance (ANOVA) according to 
the split-plot design (Figure 3.1). A split-line regression was fitted to identify the point of breakage 
using the same statistical package. Also, piece-wise and gaussian-3 parameter curves were fitted 





Chapter 4. Result 
  
4.1 Environmental Factors 
4.1.1 Temperature 
Mean monthly air temperatures ranged from 5 - 20 °C during the course of the experiment 
from October 2018 to July 2019 (Figure 4.1). January and June had the highest and lowest 
monthly temperatures, respectively. The largest daily temperature range (11 - 24 °C) occurred in 
January. 
 
Figure 4.1 Mean monthly (solid bar) and daily (red line) air temperatures from October 2018 to July 2019 measured at the 
Broadfields Metereological Station (Lincoln, New Zealand). 
4.1.2 Soil Moistures 
Soil moistures (120 mm) ranged from 16%-33%, from October 2018 to July 2019 across 
treatments (Figure 4.2) (complete ANOVA results can be found in appendix 1). There were no 
significant differences across treatments. The highest and lowest soil moisture contents occurred 
in December 2018 (33.1%) and February 2019 (16.1%), respectively. 
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Figure 4.2 Soil moisture (120 mm) measured from the intercropped treatments (◊ = wheat undersown with clover, ▪ = wheat only 
and ○ = control (Fallow)) from October 2018 to July 2019. Bars represent half of pooled LSDα=0.05 of the treatments means for 
each sampling date. ANOVA results can be found in appendix 1. 
4.1.3 Available Radiation for Wheat 
A Gaussian, 3 parameter fitted curve (R2= 0.79) showed that available radiation (MJ/m2) for 
wheat intercropped with olive trees (green line) was lower than the total solar radiation in 
Canterbury (red line) during the whole year (Figure 4.3). Both increased from July 2018 and 
reached a peak on January 2019 then decreased until July 2019. In January, the available radiation 
for wheat intercropped with olive (15 MJ/m2) was approximately 25% lower than the total solar 
radiation in Canterbury (20 MJ/m2). 
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Figure 4.3 Available radiation for wheat intercropped with olive trees from July 2018 to July 2019. The red line (R2 = 0.86) fitted 
to the total available radiation in Canterbury recorded from Broadfield Meteorological Station, Lincoln. The green line R2 = 0.79 
fitted to the total available radiation for wheat intercropped with olive trees recorded by two line quantum sensors placed in the 
olive grove. As the quantum sensors were not placed until December 2018, data from July 2019 to September 2019 were used 
inplace of July 2018 to September 2018 period. Available radiation for wheat from October 2018 to November 2018 was not 
recorded. 
4.2 Olive Trees 
4.2.1 Shoot Length 
There was no significant difference (P > 0.05) in maximum olive shoot length across the 
intercropping treatments. However, there was a significant difference (P < 0.05) among olive 
cultivars (Table 4.1). Mean maximum shoot length of Leccino was 23.4 cm, and Barnea and 
Frantoio both averaged 17.3 cm. The thermal-times to maximum shoot length and growth rate 
were similar across all treatments (all P > 0.05). The mean thermal-times, measured from wheat 
crop emergence, until maximum shoot length, was 1182 °Cd and shoot growth rate was 0.01 
cm/°Cd across all treatments. 
A broken stick model was fitted to shoot length against thermal-time (measured from wheat 
emergence) as shown in Figure 4.4. The model explained 98% of the data variation. Olive shoot 
growth stopped at 1182 oCd (January 2019) for all treatments. This is shown by the breaking point 
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Figure 4.4 Mean shoot length against thermal-time of Barnean and Frantoio combined data (○) and Leccino (□) from November 
2018 to July 2019. Broken stick models were fitted to the data and the breaking point, when the slope of the linear curve changes 
is indicated by the dashed line. Phase A refers to shoot length increasing, phase B refers to maximum shoot length phase. 
Regressions A (before the breaking point) and B (after the breaking point) are: ‘Leccino’; A: y=0.0103x+10.892, B: y = 23.1; R2=0.98; 
‘Barnea & Frantoio’: A: y = 0.096x + 5.16, B: y = 16.5; R2=0.98. Dates are displayed for reference. 
Table 4.1 Maximum Shoot lengths (SL) and Thermal-times (Tt) and growth rates for Barnea, Frantoio and Leccino for three 
treatments from November 2018 to July 2019.  W = wheat only. W/C = wheat undersown with Clover. C = Control (Fallow). 











Barnea C 14.8 1279 0.01 
Barnea W 18.4 1321 0.01 
Barnea W/C 18.6 1106 0.01 
Mean 17.3 1235 0.01 
Frantoio C 17.8 1307 0.01 
Frantoio W 17.0 1194 0.01 
Frantoio W/C 17.4 1122 0.01 
Mean 17.4 1208 0.01 
Leccino G 23.8 1221 0.13 
Leccino W 23.9 1094 0.13 
Leccino W/C 22.4 995 0.10 
Mean 23.4 1103 0.01 
P treatment α=0.05 
P cultivar α=0.05 
P treatment*cultivarα=0.05 
0.97 0.27 0.82 
0.04 0.27 0.82 
0.90 0.90 0.59 
LSD α=0.05 5.33 392 0.09 
Barnea & Frantoio, Leccino Shoot Length Growth 
Thermaltime (°Cd)
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4.2.2 Number of Leaves 
There were no significant differences in olive leaf appearance and leaf abscission rates 
across all treatments (P > 0.05) (Table 4.2). Similarly, there were no significant differences in 
maximum number of leaves and thermal-time to maximum number of leaves across all 
treatments (P > 0.05).  
The broken stick model fitted to the mean leaf number of the three olive tree cultivars 
against thermal-time (R2 = 0.88) (Figure 4.5) shows that the number of leaves increased at a rate 
of 0.01 leaves/oCd until the 20/01/2019 (1118 oCd) and then decreased at a rate of 0.003 
leaves/oCd. The number of leaves reached their peak (23) at 1118 °Cd. 
 
Figure 4.5 Mean number of leaves of three olive tree cultivars (Barnea, Frantoio and Leccino) measured on labelled stems against 
thermal-time (Tt) from November 2018 to July 2019. A broken stick model was fitted to the data. The breaking point of the model, 
when the slope of the linear curve changed is indicated by the dashed line (1118 °Cd). During phase A, growth was linear and 
increasing, whereas in phase B leaf numbers decreased. The model's parameters are: A (before the breaking point) 
y=0.0103x+11; R2= 0.88; and B (after the breaking point) y=-0.003734x+26.6981; R2=0.88. Dates are displayed for reference. 
 
Average Olive Leaf Number of Three Cultivars Vs Theramaltime
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Table 4.2 Leaf appearance and abscission rates, maximum number of leaves and thermal-time (Tt) of maximum number of 
leaves for three cultivars (Barnea, Frantoio and Leccino) for different treatments (W = wheat only. W/C = wheat undersown 





Rate of leaf 
appearance 
(leaf/oCd) 
Maximum number of 
Leaves  
Maximum leaf 
number Tt (°Cd)  
Rate of leaf 
abscission 
(leaf/ oCd) 
Barnea C 0.01 25.2 1306 -0.01 
Barnea W 0.01 19.6 1156 -0.003 
Barnea W/C 0.02 31.4 1158 -0.01 
Mean 0.01 25.4 1207 -0.01 
Frantoio C 0.01 19.2 1413 -0.01 
Frantoio W 0.01 19.7 1230 -0.004 
Frantoio W/C 0.01 17.2 1126 -0.001 
Mean 0.01 18.7 1256 -0.003 
Leccino C 0.01 25.2 1172 0.004 
Leccino W 0.01 24.5 1093 -0.004 
Leccino W/C 0.01 22.4 1082 -0.002 
Mean 0.01 24 1116 -0.001 
P  treatment α=0.05 0.954 0.71 0.441 0.385 
P cultivar α=0.05 0.128 0.27 0.189 0.099 
P treatment*cultivar α=0.05 0.789 0.62 0.84 0.308 
LSD 0.01 13.8 371 0.01 
4.2.3 Chlorophyll Concentration during the Growing Season 
Based on the SPAD readings obtained and their corresponding chlorophyll concentration 
(Inskeep & Bloom, 1985) (Table 4.3), the fowling equation models were produced: 
Equation 7 Barnea: y = (7.389*x)-72.02; R2 = 0.98 
Equation 8 Frantoio: y = (9.673*x)-249.5; R2 = 0.96 
Equation 9 Leccino: y = (8.772*x)-182.6; R2 = 0.92 
where y = chlorophyll concentration, x = SPAD reading 
Table 4.3 SPAD readings and corresponding chlorophyll concentrations as determined by the DMF chlorophyll method, and 
using equations from Inskeep and Bloom (1985), for three olive tree cultivars (Barnea, Frantoio, Leccino) (Fitted lines can 
be found in Appendix 3) 
Cultivar SPAD Range SPAD Total chlorophyll Concentration (mg/m2) 
Barnea 26.8-33.8 32.5 91 
Barnea 33.8-40.8 39.8 116 
Barnea 40.8-47.8 44.1 222 
Barnea 47.8-54.8 50.5 304 
Barnea 54.8-61.8 57.5 373 
Barnea 61.8-68.8 63.1 347 
Barnea 68.8-75.8 71.9 453 
Barnea 75.8-78.7 77.8 479 
Frantoio 31.7-38.7 36.6 150 
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Frantoio 38.7-45.7 43.1 214 
Frantoio 45.7-52.7 46.1 278 
Frantoio 52.7-59.7 53.8 313 
Frantoio 59.7-66.7 61.4 356 
Frantoio 66.7-73.7 67.0 401 
Frantoio 73.7-80.7 75.1 430 
Frantoio 80.7-88.3 87.2 513 
Leccino 25.2-32.2 34.8 141 
Leccino 32.2-39.2 37.7 171 
Leccino 39.3-46.2 44.9 206 
Leccino 46.2-53.2 49.3 248 
Leccino 53.2-60.2 56.1 311 
Leccino 60.2-67.2 66.4 379 
Leccino 67.2-74.2 72.5 441 
Leccino 74.2-80.4 76.7 655 
 
There were no significant difference in chlorophyll concentration across intercropping 
treatments (P > 0.05) (Table 4.4). The broken stick models fitted to the chlorophyll concentrations 
of the three olive tree cultivars against thermal-time (R2 ranged from 0.90 to 0.97) (Figure 4.6). 
The chlorophyll concentration of all three cultivars decreased (P > 0.05) (Table 4.4) during Phase 
A at the same rate. After the lowest point on the 12/01/2019 (1017 oCd), the chlorophyll 
concentration increased, with Frantoio having the fastest rate of increase and Leccino the lowest 
(P = 0.006) (Table 4.4). 
 
Figure 4.6 Chlorophyll concentration for three olive tree cultivars (Barnea, Frantoio, Leccino) against thermal-time from 
December 2018 to July 2019. Concentrations were calculated by Equation 7 Barnea: y = (7.389*x)-72.02; R2=0.98; Equation 8 
Frantoio: y = (9.673*x)-249.5; R2=0.96; Equation 9 Leccino: y = (8.772*x)-182.6; R2= 0.92. Broken stick models were fitted to these 
data. The break point of the model, when the slope of the linear curves changed, is indicated by the dashed line (1017 °Cd). 
Parameters are shown in Table 4.4 for the equation parameters. R2 ranges from 0.90 to 0.97. Dates are displayed for reference. 
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Table 4.4 Rates of chlorophyll concentration for the model phase A and phase B, Breaking point of chlorophyll concentration 
and thermal-time (Tt) for three olive tree cultivars (Barnea, Frantoio, Leccino) across different intercropping treatments 
(W = wheat only. W/C = wheat undersown with clover. C = control (Fallow) from December 2018 to July 2019. LSD = Least 
significant difference. Significant difference is shown in bold type. 
Cultivar  Treatment  
Model phase A 
rate (mg/m2OCd) 




Model phase B 
rate(mg/m2OCd) 
Barnea C -0.06 205 982 0.16 
Barnea W -0.08 186 1260 0.15 
Barnea W/C -0.14 244 1288 0.16 
Mean  -0.09 212 1177 0.16 
Frantoio C -0.03 179 913 0.16 
Frantoio W -0.13 178 755 0.16 
Frantoio W/C -0.25 137 971 0.23 
Mean  -0.14 165 880 0.18 
Leccino C -0.09 167 997 0.12 
Leccino W -0.11 161 920 0.14 
Leccino W/C -0.05 205 1063 0.12 
Mean  -0.09 178 993 0.13 
P treatment α=0.05 0.60 0.70 0.61 0.37 
P Cultivar  treatment α=0.05 0.76 0.21 0.12 0.006 
P Cultivar*Treatment α=0.05 0.71 0.50 0.72 0.09 
LSD  0.28 90.8 511 0.03 
 
4.2.4 Stomatal Conductance 
There was no significant difference in stomatal conductance produced by the intercropping 
treatments (P > 0.05). However, there was a significant difference among cultivars on some days 
(e.g. 15/12/2018, 30/01/2019 and 12/02/2019) (complete ANOVA results can be found in 
appendix 2). Before 1017 °Cd, stomatal conductance fluctuated between 196 and 417 
(mol/m2s)(Figure 4.7); after the 1017 °Cd (12/01/2019), all cultivars showed a decreased in 




Figure 4.7 Stomatal conductance for three olive tree cultivars (Barnea, Frantoio and Leccino) against thermal-time from December 
2018 to July 2019. Bars represent the half of pooled LSDα=0.05 of the treatments means for each sampling date. The dashed line, 
displayed for reference, is the time at which the chlorophyll concentration changed (see Figure 4.6). Dates are displayed for 
reference. The ANOVA results of stomatal conductance can be found in appendix 2. 
4.2.5 Fresh Matter, Dry Matter and Chlorophyll Concentration of Harvested Leaves 
There was no significant difference in fresh matter and dry matter leaf weights and 
chlorophyll concentration across intercropping treatments (all P > 0.05). There were significant 
differences in fresh matter (P = 0.003) and dry matter (P = 0.005) leaf weights among cultivars 
(Table 4.5). Leccino had the highest fresh leaf weight and dry matter leaf weight (0.24 g/leaf and 
0.11 g/leaf, respectively). Chlorophyll concentrations were highly significantly different among 
cultivars (P < 0.001) with Leccino having the lowest concentration (417 mg/kg) and Frantoio the 
highest (484 mg/kg). 
Table 4.5 Fresh, dry matter and chlorophyll concentrations of leaves of three olive tree cultivars (Barnea, Frantoio and Leccino) 
with three intercropping treatments (W = wheat only. W/C = wheat undersown with clover. C = control (fallow)). Chlorophyll 
concentrations were calculated using the equations from section 4.2.3. LSD = Least significant difference. Significant differences 
are shown in bold type. 







Frantoio C 0.22 0.11 449 
Frantoio W 0.21 0.10 516 
Frantoio W/C 0.19 0.09 486 
Stamatal Conductance Vs Thermaltime
Thermaltime  (°Cd)































Mean 0.21 0.10 484 
Leccino C 0.25 0.12 407 
Leccino W 0.25 0.12 423 
Leccino W/C 0.21 0.10 420 
Mean 0.24 0.11 417 
Barnea C 0.19 0.10 455 
Barnea W 0.19 0.09 456 
Barnea W/C 0.18 0.10 448 
Mean 0.19 0.10 453 
P Treatment α=0.05 0.14 0.13 0.17 
P Cultivar α=0.05 0.003 0.005 <.001 
P Cultivar*Treatment α=0.05 0.67 0.59 0.12 
LSD α=0.05 0.025 0.010 20.6 
  
4.2.6 Leaf Protein and Mineral Contents 
There was no significant difference in protein content for all treatments (P > 0.05) (Table 4.6) 
and this averaged 9.93%. There were also no significant differences in Al, Ca, Cr, Cu, Mg, Mn and 
Zn contents among cultivars (P > 0.05). There was a significant cultivar difference in Fe content 
(P < 0.05) and highly significant differences in K, Mo, Na, P and S contents (P <= 0.001).  Barnea 
and Leccino had the highest (98.9 mg/kg) and lowest (65.1 mg/kg) Fe contents, respectively. 
However, as showed in Table 4.6, the K, Mo, Na, P, and S contents of Barnea were all lower than 
that of Frantoio and Leccino. The highest content of K was found in Frantoio and Leccino had the 




Table 4.6 Protein and mineral element contents of leaves of three olive tree cultivars (Barnea, Frantoio and Leccino) with three intercropping treatments (W = wheat only. W/C = 
wheat undersown with clover. C = control (fallow)). LSD = Least significant difference. Al = aluminium; Ca = Calcium; Cr = Chromium; Cu = Copper; Fe = Iron; K = Potassium; 
Mg = Magnesium; Mn = Manganese; Mo = Molybdenum; Na = Sodium; P = Phosphorus; S = Sulphur; Zn = Zinc. Protein content = 6.25*N%. Significant differences are shown 































Frantoio C 9.91 33.2 10618 0.462 11.1 76.2 10930 1019 21.7 0.165 209 1927 1585 16.7 
Frantoio W 10.3 27.3 10132 0.319 11.3 76.0 10795 888 19.7 0.198 178 1714 1499 17.5 
Frantoio W/C 10.3 34.3 11441 0.578 13.1 86.9 11524 1093 24.6 0.247 160 1785 1613 19.5 
Mean  10.2 31.6 10731 0.453 11.8 79.7 11083 1000 22.0 0.203 182 1809 1566 17.9 
Leccino C 9.65 31.7 11541 0.430 10.4 67.1 9877 1025 23.5 0.267 271 2115 1674 15.6 
Leccino W 9.58 28.1 11198 0.262 10.1 57.2 10395 1011 22.9 0.180 249 2255 1697 15.5 
Leccino W/C 10.3 30.4 9738 0.425 13.3 71.1 9244 939 22.8 0.282 262 2255 1721 19.6 
Mean  9.85 30.0 10826 0.372 11.3 65.1 9839 992 23.1 0.243 261 2208 1697 16.9 
Barnea C 9.74 27.3 10374 0.284 12.1 104 6546 932 27.7 0.108 161 1646 1563 16.8 
Barnea W 9.77 26.4 10396 0.144 11.9 100 6360 932 29.0 0.143 113 1870 1504 14.7 
Barnea W/C 9.73 29.3 10671 0.439 12.3 93.2 6404 938 29.8 0.135 82.7 1911 1507 14.7 
Mean 9.74 27.7 10480 0.289 12.1 98.9 6437 934 28.8 0.129 119 1809 1525 15.4 
P treatment α=0.05 0.753 0.563 0.731 0.055 0.395 0.588 0.936 0.716 0.77 0.819 0.435 0.804 0.855   0.65 
P Cultivar α=0.05 0.320 0.140 0.781 0.438 0.694 0.007 <.001 0.401 0.084 <.001 <.001 <.001 0.001 0.235 
P Cultivar*Treatment α=0.05 0.719 0.723 0.206 0.985 0.724 0.805 0.775 0.304 0.952 0.126 0.476 0.135 0.531 0.475 




4.3.1 Final Yield 
Although no clover was sown in the plot with wheat only, volunteer clover appeared in these 
plots. The fresh matter yield of clover from W/C (wheat undersown with white clover) treatments 
was significant higher (P = 0.02) than the W (wheat only plots) treatment (Table 4.7). There was 
also a significant difference in dry matter yield of these two treatments (P = 0.04). 
Table 4.7 Fresh matter and dry matter of white clover (Trifolium repens) after harvesting from W (wheat only) and W/C (wheat 
undersown with clover). LSD = Least significant difference. Significant differences are shown in bold type. NB: clover in the 






W 31.5 6.50 
W/ C 147 27.5 
P α=0.05 0.02 0.04 
LSD α=0.05 76.9 18.6 
 
4.4 Wheat 
4.4.1 Wheat Emergence  
The thermal-times, measured from after planting and the final plant population (m2) for the 
two treatments are shown in Table 4.8. No significant differences were recorded between 
treatments (P > 0.05). The milling wheat crop reached 100% emergence (334 plants/m2) after 
79.9 °Cd and 15.5 days regardless of the intercropping treatment applied. 
Table 4.8 Thermal-time and days after planting (DAP) to reach 100% emergence of wheat for treatments (W = wheat only. 
W/C = wheat undersown with clover) from September to October 2018. LSD = Least significant difference.  
Treatment DAP  Thermal-time  (°Cd) Number of plants (m2)  
W  15.7  80.6  403  
W/C  15.3  79.1  264  
Mean  15.5  79.9  334  
P α=0.05  0.42  0.42 0.11 




4.4.2 Wheat Canopy Ground Cover  
A Piece-wise curves fitted model (R2 = 0.99) shows that canopy ground cover against 
thermal-time after full emergence occurred in three phases of growth (Figure 4.8). Both 
treatments (W and W/C) had similar canopy ground cover changes (P > 0.05) (Table 4.9). The 
phase of canopy expansion from full emergence until maximum ground cover (0.88/88%) lasted 
for 321 °Cd (Table 4.9). The maximum canopy ground cover lasted 487 °Cd and declined until 
harvest. 
 
Figure 4.8 Mean wheat canopy ground cover from treatments (W = wheat only. W/C = wheat and clover) (●) and Piece-
wise curves fitted model (R2= 99%) (Black Line) after full emergence against thermal-time during the growing season (from 
October 2018 to January 2019). Dashed lines indicate the canopy ground cover changes during the wheat's development. 
Phase A refers to canopy ground cover increasing, phase B is maximum canopy ground cover from 321 °Cd to 808 °Cd. 
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Table 4.9 Canopy ground cover changes for treatments (W = wheat only. W/C = wheat undersown with clover) after full 
emergence from October 2018 to January 2019. LSD = Least significant difference. 
Treatment Max Canopy Ground Cover 
Thermal-time  to Max Canopy 
Ground Cover (°Cd) 
Duration of constant phase 
(°Cd) 
W 0.88 325 459 
W/C 0.88 317 515 
Mean 0.88 321 487 
P α=0.05 0.57 0.80 0.49 
LSD α=0.05 0.07 117 285 
4.4.3 Wheat Final Yields 
Final wheat yields are shown in Table 4.10. There was no difference between the two 
different intercropping treatments (P > 0.05). On average the milling wheat produced 278 
ears/m2 and 34 grains/ear.  The 1000 grain wheat and total grain weight was 36.6 g and 285 g/m2, 
respectively. 
Table 4.10 Numbers of ears, grains/ear and 1000 grain weight (TGW), total grains weight for W (wheat only) and W/C (wheat 
undersown with clover) plots. LSD = Least significant difference 
Treatment  
Numbers of 
Ears/m2 Numbers of Grains/ears  
TGW  
(g) 
Total Grain Weight/m2  
(g) 
W 300 32 35.6 316 
W/C 257 35 37.5 254 
Mean 278 34 36.6 285 
P α=0.05 0.27 0.09 0.18 0.09 
LSD α=0.05 126 3.8 3.98 19.9 
  
4.4.4 Wheat Grain Nutrients Analysis 
Table 4.11 shows the crude protein and mineral element contents of the two intercropping 
treatments (W = wheat only. W/C = wheat undersown with clover) were not significantly 







Table 4.11 Crude protein and mineral element contents of wheat from W (wheat only) and W/C (wheat undersown with clover).Crude protein =6.25*N%.  LSD = Least 























W 14.1 0.40 0.50 0.14 0.02 0.14 26.3 24.3 36.7 5.67 
W/C 14.2 0.40 0.53 0.14 0.03 0.14 27.3 25.3 39.3 5.67 
Mean 14.2 0.40 0.52 0.14 0.03 0.14 26.8 24.8 38.0 5.67 
P α=0.05 0.7 0.69 0.42 0.42 0.18 ns 0.23 0.23 0.21 1 












4.5 Phenology Calendar of Olive Trees and Wheat 
The shoot elongation phase of the olive trees lasted approximately one month after the 
wheat reached its maximum canopy ground cover. Also, the number of olive leave reached its 
maximum number on January, and reproductive development (including flowering) followed 
(Figure 4.9). 
 
 Figure 4.9 Phenology calendar of olive trees (top) and wheat (bottom).  
4.6 Sensitivity Analysis 
4.6.1 Different Wheat Canopy/Phenology Models 
The wheat canopy/phenology models, fitted for the actual sowing date (20/9/2018)/eight 
models derived from additional simulated sowing dates as described in section 3.8 are showed 
in Figure 4.10. This figure also includes the available radiation for wheat intercropped with olives. 
The following sections describe how the different sowing dates influence on crop emergence, 
number of days to maximum canopy ground cover, number of days from full emergence to 






Figure 4.10 Nine wheat growth models created as described in section 3.8 and based on the parameters in Table 4.12. Lines represent sowing on 20/9/2018 (red line), 23/8/2018 
(black line), 30/8/2018 (grey line), 06/9/2018 (blue line), 13/9/2018 (light blue line), 27/9/2018 (black dotted line), 4/10/2018 (grey dotted line), 11/10/2018 (blue dotted line) 
and 18/10/2018 (light blue dotted line). The arrow indicates the time of flag leaf emergence (grow stage (GS) 39) and grain development (GS 71) of wheat sown on 23/8/2018 and 



























































wheat available radiation 
23/8/2018 GS 39
18/10/2018 GS 39
23/8/2018 GS 71 18/10/2018 GS 71
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Table 4.12 Parameters for creating canopy/phenology models of different simulated wheat sowing dates. Number of days from full emergence to maximum canopy ground cover 
(CGC), number of day of constant phase last and number of days from emergence to harvest were estimated by the thermal-time. Date for full emergence, maximum CGC, harvest, 
flag leaf emergence (GS 39), anthesis (GS 61) and gain development (GS 71). Number of days = NOD 


























23/08/2018 23 15/09/2018 53 7/11/2018 53 30/12/2018 135 28/01/2019 25/11/2018 5/12/2018 19/12/2018 
30/08/2018 20 19/09/2018 53 11/11/2018 50 31/12/2018 133 30/01/2019 28/11/2018 7/12/2018 21/12/2018 
6/09/2018 18 24/09/2018 51 14/11/2018 49 2/01/2019 129 31/01/2019 30/11/2018 10/12/2018 24/12/2018 
13/09/2018 15 28/09/2018 48 15/11/2018 49 3/01/2019 126 1/02/2019 2/12/2018 11/12/2018 25/12/2018 
20/09/2018 15 5/10/2018 46 20/11/2018 46 5/01/2019 122 4/02/2019 5/12/2018 15/12/2018 29/12/2018 
27/09/2018 16 13/10/2018 43 25/11/2018 45 9/01/2019 118 8/02/2019 9/12/2018 18/12/2018 2/01/2019 
4/10/2018 17 21/10/2018 40 30/11/2018 43 12/01/2019 113 11/02/2019 14/12/2018 22/12/2018 6/01/2019 
11/10/2018 13 24/10/2018 41 4/12/2018 42 15/01/2019 112 13/02/2019 16/12/2018 24/12/2018 7/01/2019 





4.6.1.1 Number of Days to Wheat Full Emergence 
The number of days to emergence ranged from 23 to 10 days (Figure 4.11). When sowing 
before 6/9/2018, the seed required more than approximately 20 days to emergence. Sowing on 
20/9/2018, 27/9/2018 and 4/10/2018 showed a similar number of days (15, 16 and 17) to 
emergence. The later sowing dates of 11/10/2018 and 18/10/2018 only required 13 and 10 days 
to emergence, respectively. 
 
Figure 4.11 Estimated numbers of days to emergence against different simulated sowing dates for four dates before and four 
dates after the actual sowing date. () = actual sowing date (20/9/2018). () = simulated dates (from left to right: 23/8/2018; 
30/8/2018; 6/9/2018; 13/9/2018; 27/9/2018; 4/10/2018; 11/10/2018; 18/10/2018).  
4.6.1.2 Number of Days to Maximum Canopy Ground Cover 
Figure 4.12 shows the longest time (53 days) to reach maximum canopy ground cover 
occurred when sowing on 23/8/2018 and 30/8/2018. When sowing after 27/9/2018, the time to 
maximum canopy ground cover was approximately 40 days (39 -41 days). 
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Figure 4.12 Estimated numbers of days to maximum canopy ground cover against different simulated sowing dates for four dates 
before and four dates after the actual sowing date. () = actual sowing date (20/9/2018). () = simulated dates (from left to 
right: 23/8/2018; 30/8/2018; 6/9/2018; 13/9/2018; 27/9/2018; 4/10/2018; 11/10/2018; 18/10/2018). 
4.6.1.3 Number of Days from Emergence to Harvest 
Figure 4.13 shows that when wheat was sown after 4/10/2018, the number of days from 
emergence to harvest was shorter than 110 days. Sowing earlier than 6/9/2018 had 
approximately 20 days more from emergence to harvest than sowing after 4/10/2018. 
 
Figure 4.13 Estimated numbers of days from emergence to harvest against different simulated sowing dates for four dates before 
and four dates after the actual sowing date. () = actual sowing date (20/9/2018). () = simulated dates (from left to right: 
23/8/2018; 30/8/2018; 6/9/2018; 13/9/2018; 27/9/2018; 4/10/2018; 11/10/2018; 18/10/2018). 
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4.6.1.4 Total Amount of Radiation Intercepted 
Figure 4.14 shows that wheat sown earlier than 30/8/2018 had the highest total solar 
radiation intercepted (more than 1100 MJ/m2). When sowing later than 4/10/2018, total solar 
radiation intercepted was lower than 1000 MJ/m2. 
 
Figure 4.14 Estimated total radiation intercepted (MJ/m2) against different simulated sowing dates for four dates before and four 
dates after the actual sowing date. () = actual sowing date (20/9/2018). () = simulated dates (from left to right: 23/8/2018; 
30/8/2018; 6/9/2018; 13/9/2018; 27/9/2018; 4/10/2018; 11/10/2018; 18/10/2018). 
 
4.6.1.5 Wheat Available Radiation at Flag Leaf 
Figure 4.15 shows that wheat sown on 23/8/2019 had the lowest available radiation at flag 
leaf (13 MJ/m2) and the highest radiation occurs on sowing on 11/10/2018 and 18/10/2018 
(around 14 MJ/m2). There was a slight change of a 1 MJ/m2 between earliest and latest sowings. 
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Figure 4.15 Wheat available radiation at flag leaf in an olive – wheat agroforestry system against different simulated sowing dates 
for four dates before and four dates after the actual sowing date. () = actual sowing date (20/9/2018. () = simulated dates 

















































Chapter 5. Discussion 
Agroforestry systems can provide environmental, economic and social benefits. However, 
these systems are still not largely studied and applied around the world compared with 
conventional monocultures. 
Olive is a highly alternate production tree in Canterbury with a high yield in one year (the 
“on” year) and a low yield in the following year (the “off” year). Its production depends on the 
vegetative growth and development from the “off” year (Fernandez-Escobar et al., 1999; Lavee, 
2007). This experiment found that olive yields were unlikely to be influenced by wheat or wheat 
undersown with clover intercropping which represent an opportunity for olive growers in this 
region. 
5.1 Olive Vegetative Growth and Development 
In this experiment, shoot growth of olive trees was not influcend by olive intercropping with 
wheat or wheat and clover. The shoot growth rate from the olive monoculture (control treatment) 
was not different from the intercropping treatments (Table 4.1). Maximum shoot length and the 
time of shoot elongation termination were also unaffected by the intercropping treatments.  
Shoot elongation is affected by hormones such as auxins (Leyser, 2017). Auxin has a positive 
effect on gibberellin which promotes cell elongation (Taiz et al., 2015). In essence, auxin and 
gibberellin increase the distance between nodes, making the distance between the branch points 
further. Auxin synthesis is catalyzed by enzymes and the temperature affects the synthesis 
indirectly by influenceing enzyme activity (Leyser, 2017). Moreover, the transport of auxin 
consumes energy which is supplied by cellular respiration. Temperature affects cellular 
respiration by affecting enzyme activity, which in turn affects energy supply. Therefore, air 
temperature can influence shoot elongation by affecting auxin synthesis and transportation 
(Ludwig-Müller, 2011). Air temperature was unchanged across all treatments in this experiment.  
In addition, incident light and leaf chlorophyll concentration affect photosynthesis, 
influencing the production of carbonhydrate and oxygen which are important for respiration (Taiz 
et al., 2015). Therefore, incident light and leaf chlorophyll concentration can influence shoot 
63 
 
elongation by affecting photosynthesis. In this experiment, the chlorophyll concentration of the 
olive leaves was unaffected by intercropping treatment (Table 4.4). 
Furthermore, leaf development was uninfluenced by the intercropping treatments (Table 
4.2). The rate of leaf appearance and the time of leaf growth termination were the same across 
treatments (Table 4.2). Auxin promotes leaf differentiation (Scarpella et al., 2010) and 
temperature can affect auxin by influencing the activity of related enzymes, thus affecting the 
appearance of leaves. In this experiment, intercropping treatmenrs had no influence on air 
temperature. 
Moreover, olive leaf dry matter and leaf fresh matter from the fallow control treatment were 
not different from the intercropping treatments (Table 4.5). Auxin and cytokinin can both 
promote cell division and growth (Leyser, 2017; Ludwig-Müller, 2011) and  temperature affects 
their activity. Light and chlorophyll concentration affect leaf fresh matter and dry matter by 
influencing the rate at which photosynthesis accumulates carbonhydrate (Taiz et al., 2015). Air 
temperature and the intercepted radiation from olive trees were both unchanged across 
treatments  and chlorophyll concentration was unaffected by intercropping treatments (Table 4.4). 
Mineral nutrients also influence the rate of growth and development of the leaves 
(Boussadia et al., 2010). Nitrogen and phosphorus can stimulate leaf area enlargment and 
potassium can not only promote leaf area, but also delay leaf senescence. In this experiment, 
intercropping had no influence on leaf nutrient content (Table 4.6). 
This study contrasts with the finding of Razouk et al. (2016)  who found that vegetative 
growth of olive tree differed when intercropped with wheat. They showed that shoot length was 
reduced by 40% compared with olives grown in monoculture. The authors attributed this 
reduction to soil moisture and nutrient competetion between wheat and olives. However, they 
provided no data to in support this. In this experment, soil moisture and olive leaf nutrient 
content were unaffected across treatments (Figure 4.2; Table 4.6). Shoot length measurments 
were not clear in the report of Razouk et al. (2016) and their shoot initial length was an uncertain 
factor, which could have influenced their results. 
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Olive vegetative growth and development in this study were not influenced by clover. This 
contrasts with the findings of Razouk et al. (2016) who found that an intercrop of faba beans 
improved olive shoot elongation by 14%-30% compared with olive monoculture. A simillar finding 
was reported by Li et al. (1993) who found that the growth rate of poplar trees intercropped with 
soy bean was twice the rate of trees intercropped with wheat. Nitrogen-fixing species have the 
ability to capture nitrogen from the atmosphere for growth and development. Nitrogen transfer 
between plants intercropped with legumes has also been reported (Ofori & Stern, 1987). Transfer 
of nitrogen from legume to non-legume plants is related to the amount of nitrogen fixed (Ofori 
& Stern, 1987). The more nitrogen a legume captures from the atmospher, the more it can 
transfer to the other plants in a legume based agroforestry. Therefore, the use of legumes can 
increase the content of nitrogen in the soil and mitigate the competition of nutrients in the soil 
(Ito et al., 1997). The lack of any influence for the clover crop on olive growth and development 
in this experiment, might because of the light competition between wheat and clover which 
reduced clover to provide nitrogen. According to Willey et al. (1983), when maize is intercropped 
with a legume, the maize reduces the available light to the legume by approximatly 33%. Similarly, 
in this experiment, the light available for clovers was likely to have been reduced by the sahding 
by wheat causing a decrease in chlorophyll content and a decrease in photosynthesis rate, 
reducing the growth and development of clovers. In the experiment of Wahua and Miller (1978), 
legume intercropped with a tall sorghum cultivar reduced the nitrogen fixation rate of the legume 
by 99% compared to a short sorghum. Therefore, it is possible that in this experiment the 
nitrogen fixation rate of clover was reduced by the wheat crop. 
From the results of this work, it seems that this type of agroforestry system could benefit 
from growing wheat and clover crops in separate rows. This would reduce the amount of shading 
by the wheat crop and possibly improve the clover growth and nitrogen fixation rates. 
This experiment only studied the effect of white clover on the vegetative growth of olive 
trees in a single season (a “off” year) and residual nitrogen from clover roots which can benefit 
the trees in the following year (Nair et al., 1979; Ofori & Stern, 1987). Whether this benefit will 
occur on olive trees would require longer investigation. 
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Olives intercropped with wheat or wheat and clover had no influence on olive canopy 
growth. Using the equation 1 (Y = R0*R/R0*RUE*HI) decribed in section 2.3.1.2, radiation use 
efficiency (RUE) and harvest index (HI) were unchanged. Daily incident radiation (R0) was 
unchanged for olive trees. Radiation intercepted by the canopy (R/R0) was influenced by canopy 
which was unaffected by intercropping treatment. This suggests that intercropping is unlikely to 
reduce olive yield, representing an opportunity for growers in these regions. 
5.2 Cultivars Differences 
This study included three olive tree cultivars Barnea, Frantoio and Leccino. Frantoio and 
Leccino are reportedly high yielding cultivars, while Barnea is a considered low yielding cultivar 
in New Zealand (Waimea Nurseries, 2014). This experiment suggested that the different yield 
performances are likely caused by their different vegetative growth and development patterns. 
These three cultivars had similar rates of shoot growth and shoot elongation duration (Table 
4.1). The results are alligned with the findings of Perica et al. (2008). In their experiment, Frantoio 
and Leccino also produced similar shoot length under the same conditions. 
Crude protein content of leaves for the three cultivars was similar. However, some mineral 
contents varied (Table 4.6). The three most improtant mineral nutrients for olive yield are 
nitrogen (N),  phosphorus (P) and potassium (K) (Fernandez-Escobar et al., 1999). 
There were no significant differences in N contents among cultivars and Barnea had the 
lowest content (Table 4.6). Nitrogen in leaves can affect olive yield by influencing fruit set (Erel 
et al., 2013). Yield losses can be expected for N contents higher than 1.8% or lower than 1.35% 
(Erel et al., 2013). This would suggest that a lower fruit setting rate should be expected for Barnea 
compared with the other two cultivars on the following ‘on’ year. It is likely that a lower nitrogen 
content in Barnea leaves may reflect in its low yield ability. 
Differences in P contents were found among cultivars (P < 0.01) in this experiment (Table 
4.6). Leccino leaves had higher P contents  than Frantoio and Barnea. In addition to affecting fruit 
setting, P influences the total  number of flowerings and final number of perfect flowers (having 
both stamens and pistils) (Erel et al., 2013; Erel et al., 2016; Jiménez-Moreno & Fernández-
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Escobar, 2017). The results found in this study suggest that Leccino could have a higher yield 
compared with Frantoio and Barena in the next year. 
In this experiment, significant different K contents were found in Frantoio, Barnea and 
Leccino (Table 4.6). The amount of K in Barnea leaves was approximately half that found in 
Frantoio and Leccino. Instead of influencing flower and fruit set, K increases yield by increasing 
the pulp size in the fruit (olive oil is mainly concentrated in the pulp) (Inglese et al., 2002; Rosati 
et al., 2015). Moreover, Mimoun et al. (2004) reported that K also can improve olive quality by 
increasing fruit size and pulp/pit ratio. Therefore, it is likely that olive oil yield of Barnea in the 
next “on” year will be lower. 
From this study, it is likely that the different yield abilities of the three cuntivars is influenced 
by leaf nutrient accumulation. Barnea had lower N, P and K contents than Frantoio and Leccino 
in the “off” year of this work. It is possible that this could lead to a poorer yield performance in 
the following “on” year. By contrast, the P content of Leccino and K content of Frantoio leaves 
were higher, which provides a potential higher yield for next season. 
5.3 Animal Fodder 
This experiment found that olive leaves had great potential for use as animal fodder with 
more than 13 nutrients found in their leaves from three cultivars (Table 4.6). Olive leaves also 
contain other valuable substances which were not measured in this experiment, including 
antioxidants (phenolic compounds) (Govaris et al., 2010), fibres and amino acids (Garcıá et al., 
2003). These leaf atributes suggest the potential of olive leaf as animal fodder. Similar findings 
has been extensively reported in the literature (Garcıá et al., 2003; Molina-Alcaide & Yáñez-Ruiz, 
2008). 
As discussed in section 2.2.2, olive leaves provide benefits to livestock production by 
improving milk quality (Abbeddou et al., 2011; Zilio et al., 2015) and improving the quality of 
poultry and ruminant meat (Govaris et al., 2010; Morales & Ungerfeld, 2015). Based on the 
finding of this study and reports of others, olive leaves are useful in the diets of livestock. 
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During this experiment, pruning of the olive trees caused many leaves to fall. In many 
countries, these leaves are burned or throwed away (Xie et al., 2013). Burning causes 
environmental pollution and the removal of leaves wastes nutrients, especially as the nutrient 
content of leaves during an “off” year are higher (section 2.4.1). 
Baed on these results, an environmentally responsible, profitable way to manage olive 
leaves can be suggested: selling them as animal fodder. This would avoid pollution and recycle 
nutrients through animal faeces. The higher nutrient content of leaves during an “off” year, could 
improve livestock diets and result in higher quality products. Moreover, this would provide 
additional economic benefits to the owner of the olive grove especially in an “off” year. Revenue 
will inevitably be reduced during this year but selling tree fodder could provide an additional 
income source. 
5.4 Final Yields of Wheat 
Legume intercropping can improve wheat grain quality due to their nitrogen-fixing ability 
(Thorsted et al., 2006). However, this experiment found that wheat undersown with clover had 
no influence on yield and wheat grain quality (Table 4.10; Table 4.11). 
As discussed in section 2.3.1.2, crop yield generally relies on four components (daily incident 
radiation (R0), radiation intercepted by the canopy (R/R0), radiation use efficiency (RUE), and 
harvest index (HI)). Compared with milling wheat sown alone in this experiment, the wheat 
canopy ground cover was not influenced by the clover undersowing. 
Wheat emergence was not affected by the clover undersown (Table 4.8). Emergence is 
mostly influenced by soil temperature and moisture (Khah et al., 1986). These factors were 
unchanged in the clover intercropping. Furthermore, the dynamic of the milling wheat canopy 
expansion (time to maximum green canopy ground cover and its duration at maximum cover) 
were not different between treatments (Table 4.9). According to Moeller et al. (2014), tillering is 
one of the most important factors influencing crop canopy ground cover. Wheat tillering is mainly 
affected by temperature  and soil moisture (Chaturvedi et al., 1981). Air temperature lower than 
4 oC or higher than 33 oC (Krishnan et al., 2011) and limited water availability (Chaturvedi et al., 
1981) are unfavorable for tillering. In this experiment, wheats were not under temperature and 
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water stress in both treatments (Figure 3.3; Figure 4.1) Although the number of tillers was not 
measured in this work, temperature was recorded at 10 to 13 °C (Figure 4.1) and soil moisture 
(Figure 4.2) was similar for the two wheat treatments during the crop canopy growing phase. In 
addition, the wheat nitrogen and phosphorus contents, often related to tillering patterns in 
wheat (Liang & Kang, 1977; Zhang et al., 2018), were similar across treatments as measured in 
the wheat grain (Table 4.11). 
Quality of bread wheat is determined by the protein content of the grain (Hay & Porter, 
2006). In this experiment, grain quality was not improved by clover intercropping (Table 4.11). 
According to Thorsted et al. (2006), clover intercropping can improve wheat grain quality due to 
its nitrogen-fixing ability. It is possible that the lack of any wheat grain quality improvement from 
the clover treatment is related to the excess shading of the clover species in those plots. This 
could have led to lower rates of clover photosynthesis (Wahua & Miller, 1978) and growth rate 
(Zhang et al., 2008).It follows that if the nitrogen fixing ability of a legume species is directly 
associated with the plant growth rate, it is unlikely that the clover influenced the soil nitrogen 
status available for the wheat crop (Zhang et al., 2008). 
The olive trees imposed a reduction in the total available light for the wheat crop (Figure 
4.3). The photosynthesis saturation point (beyond which any increment in the radiation levels 
does not reflect in an increase in the crop leaf photosynthetic rate) of wheat crops is 20 MJ/m2 
(Acevedo et al., 2002). In this study, the maximum mean available radiation for wheat 
intercropped with olive trees was about 15 MJ/m2 (Figure 4.3). Therefore, it is plausible to 
assume that this reduction of incident radiation (Ro) reduced the potential wheat yield by 
approximately 25%. 
Wider olive row spacings and canopy pruning can effectively improve the total available 
radiation in agroforestry systems (Everson et al., 2004; Gao et al., 2013). However, wider spacings 
would compromise the total yield capacity of olive trees on an area basis. Moreover, pruning is 
likely to affect the yield of trees in the following season. Optimum pruning regimes along with 
olive row orientation could be investigated for better PAR availability to the intercropped species. 
These management practices are likely to improve the yield potential of wheat crops in olive 
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groves in the Canterbury region, which suggests that the price paid after harvest of each 
intercropped species and the cost generated by the different management strategies, would 
dictate the most appropriate agronomic practices. 
The basic physiological principles of agroforestry systems suggest that the species 
composition design and management practices should be determined based on the species 
phenology and physiology. The understanding of the phenology of the different species 
intercropped often presents opportunities and constraints to the yield quality of all the 
harvestable components in the system. The understanding of the species phenology and their 
potential complementarity in time and space is a major discussion area in the agroforestry 
literature (Mao & Zeng, 2009). 
5.5 Sensitivity Analysis of Species Phenology 
Mao and Zeng (2009) reported that understanding the phenological characteristics of 
species is important in creating an agroforestry system. In order to maximize the production of 
this system, the use of resources among species should follow a pattern of complementary 
(section 2.1.1). Olive and wheat agroforestry systems have been widely used in European 
countries but there is no reporting of these systems in New Zealand (AGFORWARD, 2014). 
Following the results found in this work, a sensitivity analysis was performed to investigate how 
different spring milling wheat sowing dates could be tailored to improve the species phenological 
complementary. 
The sensitivity analysis showed that for the wheat sowings prior to 6/9/2018, the seeds 
required more than about 20 days to reach full emergence (Figure 4.11). Kaiser et al. (1989) 
reported that slower emergence favored diseases and caused seeding rot, reducing plant 
populations. Therefore, this suggests that with these earlier sowing dates, milling wheat crop 
establishment and yields could decrease. 
This sensitivity analysis further showed that early sowings of wheat in Canterbury, but not 
before 6/9/2018, are likely to improve yield. Total radiation interceptance (Hay & Porter, 2006) 
and available radiation at flag leaf (Bıṙsıṅ, 2005) are two important factors that determine wheat 
yield. The analysis presented here showed that sowing wheat up to two weeks earlier than the 
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20/9/2018 increased the crop growing season by about 10 days (Figure 4.13) and improved total 
crop radiation interceptance by about 10% (Figure 4.14) although the time to maximum canopy 
ground cover was later (Figure 4.12), compared with sowing on 20/9/2018 in this region. 
However, it is important to consider that a longer growing season increases the possibility of 
wheat being affected by pests and diseases, especially in spring (Jiang et al., 2011). There was a 
slight change (1 MJ/m2) in available radiation at flag leaf for all sowing dates in this work (Figure 
4.15). However, this small change is unlikely to influence yield. 
Although the total radiation interceptance by the crop was reduced with later sowings, an 
opportunity to improve grain quality was found. An increase in temperature from 20 to 30 oC 
during wheat anthesis (Hay & Porter, 2006) and crop canopy shading after flowering (during grain 
filling) can improve grain protein content (Qiao et al., 2019). For all sowing dates in the model, 
wheat anthesis occurred during December (Table 4.12) when the average temperature was lower 
than 20 °C (Figure 4.1). However, when sowing date was delayed, the wheat grain fill (GS 71) 
period was also delayed and this coincided with higher levels of shading from the olive trees. This 
could represent an opportunity to improve wheat grain protein content (a milling wheat quality 
attribute) with later sowing dates. However, any quality improvement from later sowing would 
possibly be accompanied by the cost of a wheat grain yield decrease. This means that the wheat 
sowing date in those systems would be determined by the price paid for the higher protein of 
the wheat grain. This could be tested in the future with additional field experiments in an olive 
and wheat agroforestry system. 
Moreover, the later sowings can lead to an overlapping of physiological stages of the two 
species, when nutrient demand for crop grain filling and olive reproductive development (such 
as flowering) coincide. This experiment found that olive vegetative growth and development 
terminated in January (Figure 4.4; Figure 4.5). Reproductive development of olive trees occurred 
in January following the termination of vegetative growth and development and is a phase with 
high demands for nitrogen, phosphorus and potassium (Erel et al., 2013; Inglese et al., 2002). 
Moreover, late sowings (after 4/10/2018) of wheat delayed the grain filling period (GS 71), which 
also occurred in January (Table 4.12), when there is also a higher demand for nutrients such as 
nitrogen (Roberts & Heady, 1982). This overlap could have adverse effects on fruit development 
71 
 
of olive trees and grain filling of wheat in agroforestry systems where soil nutrient availability is 
limited. 
5.6 Conclusion 
Based on the findings of this study, the following conclusions can be drawn; 
• In these intercropping systems, olive tree vegetative growth and development was 
unaffected by wheat or wheat undersown with clover. 
• There was no difference in shoot elongation and leaf appearance among the tree cultivars 
in this study, but Barnea had the lowest N, P and K of all olive cultivars in the “off” year 
which could lead to a lower olive yield for this cultivar in the following “on” year. 
• Olive leaves were shown to contain more than 13 nutrients and these leaves could be 
used as animal fodder. This could provide an additional income source for growers during 
an “off” year. 
• Olive and wheat intercropping decreased the available radiation for wheat and this 
lowered the potential wheat yield by 25%. Tree pruning could be used to increase 
available radiation for the wheat and increase the wheat yield. Also, there is a potential 
for the wheat grain quality to be improved through shading by the olive trees. 
• In the Canterbury region, in an olive and wheat intercropping system, sowing the wheat 
before the 6 of September could result in a longer emergence time which could lead to 
seeding rot. Early sowings of wheat but not before 6 of September, are likely to improve 
yield. Late sowings (after the 4 of October) are likely to improve grain quality but enhance 
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Fallow 31.47 30.7 32.3 30.33 33.57 31.63 36.93 35.1 34.27 31.98 31.78 26.2 18.33 
W 30.83 28 33.47 32.37 34.33 30.53 36.17 34.7 32.78 29.92 31.73 25.8 18.33 
W/C 31.1 30.3 33.17 31.8 34.83 31.17 36.53 35.3 32.32 30.25 31.87 24.4 17.33 
Mean 31.13 29.7 32.98 31.5 34.24 31.11 36.54 35 33.12 30.72 31.79 25.5 17.99 
P-Value 0.893 0.604 0.807 0.248 0.628 0.571 0.891 0.975 0.483 0.615 0.994 0.767 0.845 
LSD 3.66 7.43 5.007 2.9 3.46 2.696 4.367 7.34 4.27 5.872 3.493 6.97 1.022 
 
 
             
8/02/2019 26/02/2019 14/03/2019 8/04/2019 9/04/2019 17/04/2019 30/04/2019 8/05/2019 29/05/2019 7/06/2019 19/06/2019 
25.2 15.05 17.4 25.2 27.93 25.53 29.67 24.05 21.97 33.28 31.73 
29.52 17.73 17.35 29.47 27.45 27.47 30.48 25.97 25.13 32.97 32.25 
29.27 15.43 17.63 29.27 28 26.82 29.75 24.83 23.17 33.02 31.92 
27.99 16.07 17.46 27.98 27.79 26.61 29.97 24.95 23.42 33.09 31.97 
0.066 0.482 0.794 0.066 0.913 0.644 0.932 0.609 0.254 0.89 0.96 










Appendix 2 ANOVA results for stomatal conductance of olive tree leaves across treatments from 8/12/2018 to 19/06/2019. 
Cultivar Treatment 8/12/2018 15/12/2018 12/12/2018 1/01/2019 11/01/2019 21/01/2019 30/01/2019 12/02/2019 
Barnea Fallow 264.7 271.9 202 267 301 284 208 269 
Barnea W 303.5 276 215.8 311 337 294.1 298 171 
Barnea W+C 334.4 265 290.9 419 414 404.8 403 243 
Mean   300.9 271 236.3 332 351 327.6 303 228 
Frantoio Fallow 281.7 239.1 171.9 373 362 288.1 284 226 
Frantoio W 307.8 274.4 234.7 430 382 340.4 314 321 
Frantoio W+C 303.5 263.6 212.4 449 376 341.3 392 287 
Mean   297.6 259 206.3 417 373 323.2 330 278 
Leccino Fallow 251.2 220.7 222.7 335 298 301.6 258 191 
Leccino W 238.2 211.5 214.2 346 286 287.2 237 180 
Leccino W+C 234 226.9 149.4 273 300 251.5 265 225 
Mean   241.1 219.7 195.4 318 373 280.1 253 198 
P-value treatment  0.554 0.792 0.632 0.434 0.288 0.198 0.006 0.172 
P-value Cultivar  0.011 <.001 0.226 0.06 0.035 0.116 0.035 0.003 
P-value Cultivar*Treatment  0.44 0.297 0.073 0.289 0.477 0.062 0.13 0.114 
LSD   39.78 19.52 85.91 146.5 59 79.6 42.5 56.7 
20/02/2019 5/03/2019 19/03/2019 28/03/2019 9/04/2018 1/05/2019 10/05/2019 23/05/2019 3/06/2019 19/06/2019 
255.8 224.4 271.6 275.8 304.3 270.3 264.8 196.1 189 165.8 
195.3 179.4 241.3 253.7 285.6 278.9 229.9 165.7 172.1 163.5 
235.6 215.6 363.5 317.6 289.6 341.2 348.7 200.8 243.9 207.4 
228.9 206.5 292.1 282.4 293.2 296.8 281.1 187.5 201.7 178.9 
194.6 180.6 281.9 233.6 224.6 221 185.4 163.2 170.9 141.3 
279.7 255.4 313.1 293.9 263.4 199.8 177.5 142.6 176.6 135 
252.9 263.4 331.9 303.9 307.3 309.8 275.1 182.2 209.9 202 
242.4 233.1 309 277.1 265.1 243.5 212.7 162.7 185.8 159.4 
172.7 162.7 255.8 217 212 252.8 230.6 160.7 188.1 172.4 
197.3 162.5 253.8 243.1 234 213.3 204.1 159.9 195.1 165.6 
216.3 193.9 244.1 247 243.9 216.4 193.6 162 173.7 167.2 
195.5 173 251.3 235.7 230 227.5 209.5 160.9 185.6 168.4 
0.193 0.264 0.228 0.104 0.316 0.079 0.013 0.381 0.044 0.008 
0.153 0.081 0.032 0.002 0.002 0.018 0.007 0.057 0.622 0.733 
0.207 0.382 0.1 0.069 0.137 0.165 0.082 0.62 0.364 0.792 
74.17 82.33 42.5 24.29 30.17 46.53 44.5 49.99 22.41 17.87 
iv 
 
Appendix 3 Fitted lines for leaves SPAD reading and chlorophyll concentration of three olive 
tree cultivars. 
 
Leccino: y = 8.7722x - 182.62
R² = 0.9181
Barnea: y = 7.3896x - 72.021
R² = 0.9783
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